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Abstract 
 
In this thesis, we have developed a series of chemoresponsive soft polymer objects 
that have either biological or inorganic catalysts integrated into them, namely the 
enzyme urease or particles of manganese oxide, respectively.   
 
Firstly, we show the fabrication of soft hydrogel fibres and beads that have an 
individually programmed time delay in their response to a shared environmental 
stimulus. We utilise the enzyme urease to programme a self-regulated change in 
pH, which in turn activates fibre disintegration or a change in gel bead colour. This 
design allows for independent response behaviour of a collection of bodies in a 
single closed system, as well as inter-material communication on shorter length 
scales.  Secondly, we create continuous objects of non-uniform dimensional 
composition that selectively respond to an environmental stimulus of urea and 
change colour or disintegrate at pre-defined locations within the hydrogel structure 
after pre-set time intervals. This gives objects both time and spatial programming, 
again using the enzyme urease. Thirdly, we demonstrate more complex chemical 
communication between millimetre-sized soft hydrogel beads in an aqueous 
environment. Silver cations (Ag+) and the Ag+ chelator dithiothreitol (DTT) are 
used as signalling molecules, and by exploiting their interplay, we conduct a series 
of ‘conversations’ between urease containing millimetre-sized beads. Competitive 
communication between three beads, whereby the central bead receives two 
competing signals from two senders, is shown. Lastly, we show giant polymer 
capsules which have membrane-embedded catalytically active manganese oxide 
particles, made using droplet-based microfluidics. It is demonstrated that these 
colloidal particles can regulate the membrane permeability of the capsules upon 
their exposure to, and catalytic reaction with, small amounts of dissolved hydrogen 
peroxide. 
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1 Introduction 
 
“Trying is not succeeding” 
- prof. dr. ir. Stefan Bon 
 
1.1 Thesis Scope and Outline  
 
Responsive materials, often termed smart materials, are those that are capable of 
transforming an environmental stimulus into a controlled, material response.1 Soft 
smart materials that are typically polymeric in nature,5 including hydrogels,6–8 self-
assembled structures such as vesicles,9–11 micelles or worms,12–14 elastomers,15 
functionalised surfaces,16,17 polyelectrolyte layer-by-layer capsules,18 and dispersed 
media such as emulsions or foams.19,20 
 
Inspiration for these materials has, in many cases, been sought from the most 
sophisticated responsive materials on Earth, namely biological organisms and the 
soft components that they are composed of.21 Cells and organisms have evolved 
the ability to convert environmental information into an active response. A key 
challenge in materials science is the design and creation of materials, or objects, 
that possess behaviour and characteristics like this, to generate what are known as 
biomimetic materials.24 
 
Unfortunately, synthetic responsive behaviour is still somewhat rudimentary 
compared to that of nature. Materials can be designed to react to stimuli such as 
light, temperature, sound, pressure, chemical triggers, pH or electrolytes.25 
Furthermore, material responses can be wide ranging and include changes in its 
shape, size or dimensions,26,27 change in permeability,28,29 self-propulsion,30 or self-
erasure.31 Some current and exciting examples include artificial muscles,32 synthetic 
cells,33 entirely soft robots,34 self-replicating objects,35 and walking hydrogels.36 
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Luckily, biology has already perfected tools capable of some of these actions by 
evolving complex bio-machinery that allows cells to function. For example, 
enzymes, nature’s macromolecular biological catalysts, convert substrates into 
reaction products for use in metabolic processes, and can be readily integrated into 
man-made materials and objects to create responsive composite materials.37 
Inorganic catalysts operate in much the same way as their enzymatic 
counterparts,38 and can also be used to give otherwise dormant materials active, 
responsive behaviour, without having to synthesise responsive materials from the 
ground up.  
 
This concept of integrating active biological or inorganic components, namely 
enzymes or inorganic catalysts, into soft structures to generate responsive, 
composite materials is what we explore in this thesis. This approach allows us to 
create objects and materials that respond to environments containing their fuel 
sources, and when paired with other material actions and properties, we create 
systems capable of complex, novel behaviours.  
 
In chapter 2, we explore independent responsive behaviour and communication 
in hydrogel objects. This chapter shows the fabrication of soft hydrogel alginate-
based objects, namely fibres and beads, which have an individually programmed 
time delay in their response to a shared environmental stimulus. We utilise the 
enzyme urease to programme a self-regulated change in pH, which in turn activates 
the designed response of gel fibre disintegration or a change in gel bead colour. 
This design allows for independent response behaviour of a collection of bodies 
in a single closed system, as well as inter-material communication on shorter length 
scales. 
 
In chapter 3, we build on the principles outlined in chapter 2 in the design and 
fabrication of soft composite hydrogel objects with temporal and spatial 
programming. Objects are, again, formed from the biopolymer sodium alginate, 
the enzyme urease, and oil droplets, and are formed by a simple gelation procedure 
to produce autonomous bodies with both time and spatial programming. These 
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continuous objects of non-uniform dimensional composition selectively respond 
to an environmental stimulus of urea and change colour or disintegrate at pre-
defined locations within the hydrogel structure after pre-set time intervals. 
 
Chapter 4 further explores chemical communication between millimetre-sized 
soft hydrogel beads in an aqueous environment. Silver cations (Ag+) and the Ag+ 
chelator dithiothreitol (DTT) are used as signalling molecules that, by exploiting 
their interplay with the enzyme urease, are used to conduct a series of 
‘conversations’ between millimetre-sized beads. Competitive communication 
between three beads, whereby a central bead receives two competing signals from 
two senders, is shown. 
 
Chapter 5 takes a look at using inorganic catalysis as a tool for making responsive 
soft materials, where capsule membrane permeability is controlled using catalytic 
particles. Giant polymer capsules which have membrane-embedded catalytically 
active manganese oxide particles are made using droplet-based microfluidics. It is 
demonstrated that these colloidal particles can regulate the membrane permeability 
of the polymersomes upon their exposure to, and catalytic reaction with, small 
amounts of dissolved hydrogen peroxide. 
 
Chapter 6 explores the concepts set out in chapter 4 and offers a broader literature 
review of a selection of interesting particle-vesicle composites, considering the 
various merits and applications of such structures.  
 
Finally, chapter 7 considers the outlook and future perspectives of the results 
obtained in chapters 1 – 4.  
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2 Independent responsive behaviour and 
communication in hydrogel objects 
 
This chapter details research published in the paper: R. W. Jaggers and S. A. F. 
Bon, Materials Horizons, 2017, 4, 402-407 
 
2.1 Introduction 
 
Living organisms can exhibit autonomy in their response to an external stimulus, 
a concept that drives both biological function and independent behaviour.1–3 Some 
form of intelligence is required to act in this way, and it is this principle that 
underpins the design of artificial life.4,5 For example, neural networks model the 
human brain and robotic devices can perform complex tasks.6,7 
 
A key question in material design is “can this complex concept be stripped down to its essence 
without loss of autonomy?”. 
 
A multitude of materials translate environmental stimuli into direct material 
responses. Examples include the catalytically driven actuation of colloidal 
particles,8–10 light-triggered inversion of emulsions11 and triggered change in 
capsule permeability.12–15 Though simple stimuli-response pathways can generate 
sophisticated behaviour, control is often dominated by the environmental cues, 
not the material itself.16  
 
Alternatively, materials that moderate their own behaviour over time and 
selectively respond to their environments display autonomy and more closely 
resemble those found in nature.17,18 For example, the oscillatory Belousov-
Zhabotinsky reaction has been used as an internal driver and communication 
tool,19,20 kinetic control has been used to trap supramolecular self-assemblies in 
metastable states,21–23 and homeostatic control has been demonstrated.24–26 
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Furthermore, enzymes have been used to programme the time-domain, as in the 
case of pH-responsive self-assemblies that utilize an internal feedback system.27–29 
 
Here we show the fabrication of soft hydrogel objects, namely fibres and beads, 
that have an individually programmed time delay in their response to a shared 
environmental stimulus. We utilise the enzyme urease to programme a self-
regulated change in pH, which in turn activates the designed response of gel fibre 
disintegration or a change in gel beads colour.  
 
Remarkably, we not only observe the desired independent response behaviour in 
a collection of bodies in a closed system, but also inter-material communication 
on shorter length scales. We believe that the incorporation of response time 
control and communication into the design of hydrogel objects aids the 
development of autonomous materials. 
 
2.2 Results and Discussion 
 
Aqueous solutions of sodium alginate (1 wt. % for fibres, 5 wt. % for beads, at pH 
7) were used as the base material to construct hydrogels. Calcium chloride 
hexahydrate was used as a source of calcium ions to establish ionic cross-linking. 
Once formed using fluidic devices, these Ca2+ cross-linked hydrogels are stable 
when dispersed in water over a wide pH range. Alginate-based hydrogels are widely 
used in food, personal care, and pharmaceutical applications.30  
  
For fibres, we employed a flow focussing device (see figure 2.1) which allows for 
coloured oil droplets to be embedded along the length. The oil droplets were used 
to distinguish fibres from one another as well as a way to track their disassembly. 
The sodium alginate solution contained varying amounts of the enzyme urease, 
which together with the oil droplets becomes entrapped upon crosslinking into the 
hydrogel matrix.31 The enzyme is introduced to indirectly control pH over time 
within the fibre. It does this by converting urea, added to the liquid environment 
in which the gels are placed, into ammonia and carbon dioxide. Importantly, the 
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activity of urease is pH dependent, with a bell-shaped activity curve (See panel b 
material time programming and legend for its mathematical fit, figure 2.2).32  
 
When we place one of our hydrogel fibres (10 g dm-3 urease) into acidic water of 
pH 4 in the presence of urea (0.09 mol dm-3) and bromothymol blue as a pH 
colorimetric indicator, it becomes evident that the local pH rises from within the 
Figure 2.1 | Synthesis and action of composite fibres (a) Formation of calcium 
ion cross-linked alginic acid fibres using a microfluidic synthesis. A fluid stream of 
alginic acid solution (1 wt. %) containing oil droplets meets a bulk solution 
containing calcium ions (0.1 mol dm-3), upon which an ionically cross-linked gel 
fibre forms (b) The gel network, cross-linked by calcium ions, entraps both the 
enzyme urease and oil droplets. The structure of alginic acid, a linear copolymer 
with homopolymeric blocks of (1-4)-linked b-D-mannuronate (m) and a-L-
guluronate (n), is shown.     
O
OH
OHO
HO
O* O O
HO
O
OH
OH
O
m
n
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fibre is a direct result of enzyme activity (see video that accompanies the paper 
DOI: 10.1039/C7MH00033B, and figure 2.3). 
 
Our first goal in autonomous hydrogel material design is to demonstrate 
programmed time delay in the disintegration of the fibres and thus release of the 
oil droplets.  
 
The sodium salt of ethylenediaminetetraacetic acid (EDTA) is added to the bulk 
aqueous solution as a chelating agent for calcium ions, acting as a dormant Ca2+-
sink. The initial pH of the aqueous medium containing both EDTA and urea in 
which the fibres are placed is set at a value of 3.50.  EDTA has a maximum binding 
affinity for Ca2+ at high pH, when all 6 of its donor groups (4 carboxylic acid 
groups and 2 nitrogens) are ionised. At pH 7.5, only a fraction of the EDTA will 
be in this form, thus its affinity will be reduced.33 This affinity continues to 
decrease as the pH is lowered.  This was verified by placing a hydrogel fibre into 
Figure 2.2 | Following a course of programmed behaviour, the fibre converts 
urea, the fuel, to ammonia, due to the inclusion of urease in its structure (a) after a 
defined time period, the fibre generates a local increase in pH (b) this time-
programming is afforded due to the bell-shaped activity curve of urease, where the 
relative enzyme rate, v' = (1+ 2 x 10-9/[H+] + [H+]/5 x 10-6)-1. Graph reproduced 
from reference 32. (c) Within the low pH (3.50) bulk environment, partially 
protonated ethylenediaminetetraacetic acid (EDTA) can be found. As the pH of 
the fibre increases locally, EDTA is deprotonated locally and chelates calcium ions 
(d) This results in a loss of cross-linking and the release of oil droplets.   
 
	 11 
an EDTA solution of pH 3.50 without urea. Without the ability to raise its pH, it 
remained intact over a period of at least 5 days.  
 
When urea is present in the hydrogel fibre environment (see panel a, environmental 
trigger, figure 2.2), the specific amount of enzyme entrapped within the fibre 
controls the increase in pH as a function of time (panel b, material time programming). 
The bell-shaped pH-activity curve of urease allows us to use its auto-catalytic 
behaviour as a tool for time-programming. With low enzyme activity at low pH 
values, the generation of base provides a positive feedback mechanism that 
Figure 2.3 | The pH change of a fibre containing 10 g dm-3 of urease is followed 
using the indicating dye bromothymol blue (BMB). As the pH locally increases, a 
change from yellow to blue is observed, shown in images a and b, respectively. 
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elevates the pH into the higher activity window. The transition from low to high 
pH follows sigmoidal behaviour, which allows for easy introduction of a dormancy 
period by variation of the enzyme concentration. A higher enzyme concentration 
results in a shorter dormancy period.  
  
Upon a pH increase inside and in close proximity of the fibre, EDTA transitions 
to its Ca2+ chelating form, hereby promoting cation exchange (figure 2.2, panel c, 
environment response). This results in the eventual disintegration of the alginate-gel 
matrix and subsequent release of the entrapped oil droplets (panel d, material 
response).  
 
A series of hydrogel fibres each containing 41 oil droplets were fabricated with 
urease concentrations of 4.0, 5.0, 6.0, 8.0, and 10.0 g dm-3. The rate of fibre 
disintegration was tracked by measuring the release of the entrapped oil droplets 
Figure 2.4 | Fibre disassembly. The release of 41 entrapped oil droplets from fibres 
with different enzyme loadings, 10 (n), 8 (l), 6 (p), 5 (s) and 4 g dm-3 (+), is 
tracked. As enzyme concentration within the fibre decreases, release follows after 
an increasingly longer dormancy period. Square root error bars. 
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(See figure 2.4 and figure 2.5). An increase in enzyme loading leads to a shorter 
dormancy period before hydrogel matrix collapse, characterised by droplet release. 
To confirm the relationship between droplet release and pH increase, we analysed 
the colour changes seen in the previously mentioned bromothymol blue indicator 
experiment (figure 2.6).  We quantify this change in colour by measuring the hue 
angle of the corresponding HSV histogram. Fibres were analysed using ImageJ to 
collect an RGB (the red, green, blue additive colour model) histogram of their total 
area, excluding white reflection spots. These three-figure RGB coordinates can be 
converted into the alternative three-figure HSV (hue, saturation, value) coordinates 
and this hue value can be plotted. By calibrating colour against pH (figure 2.11), 
figure 2.6 is produced.34 
 
Figure 2.5 | Inhibition time at varying concentrations of urease. As the 
concentration of urease increases, the inhibition time prior to material disassembly 
(defined here as the time taken for the first oil droplet to be released) is reduced. 
This results in a shorter dormancy period. Square root error bars. 
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The fibre starts with a hue angle of ca. 50 °, corresponding to a yellow colour, and 
finishes with an angle of ca. 140°, typical of a blue colour. Not only does the shape 
of the release curves resemble that of the pH change, but the pH at which fibre 
disassembly starts can be deduced by means of a hue angle-pH calibration, shown 
in figure 2.11 (experimental methods). Disassembly starts at a pH of approximately 
6.3.  
 
As we can program bespoke time delay in the disintegration behaviour of the 
fibres, a collection of them can act independently in a single closed system. To 
demonstrate this, a set of fibres with urease concentrations of 10.0, 8.0 and 4.0 g 
Figure 2.6 | The pH change of a fibre containing 10 g dm-3 of urease is followed 
using the indicating dye bromothymol blue (BMB). As the pH locally increases, a 
change from yellow to blue is observed. By taking an RGB histogram and 
converting to HSV, the change in hue angle, and by extension, colour, is monitored 
(p) and compared to disassembly of the 10 g dm-3 fibre (n). Onset of fibre 
disassembly corresponds to a hue angle of 92 degrees, equal to a pH of 6.3 (see 
calibration in figure 2.11 in the experimental methods section). Square root error 
bars. 
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dm-3 were prepared, containing red, blue, and orange oil droplets, respectively.  As 
in the case of the single fibre experiments, a reduction in urease concentration 
leads to a longer inhibition period, such that the fibres disintegrate in a pre-defined 
order, as shown in figure 2.7 and the video that accompanies the paper, DOI: 
10.1039/C7MH00033B. The corresponding dormancy time periods were in 
approximate agreement with the results presented in figures 2.4 and 2.5. 
 
At first glance, self-regulating behaviour means that disintegration of one fibre 
should not affect the others. Upon closer inspection of the video footage, 
Figure 2.7 | The independent action of fibres of different compositions in a closed 
system. Three populations of fibres can be seen: 10 g dm-3 (red), 8 g dm-3 (blue) 
and 4 g dm-3 (orange). Fibres of a higher enzyme concentration start to disassemble 
before those of a lower concentration. At the beginning, all fibres are intact. After 
78 seconds, only the red fibres have released their oil droplets. After 614 seconds, 
the blue fibres have released their droplets and after 1030 seconds, the orange fibres 
have released theirs. Scale bar = 1 cm. 
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however, it appears that the disintegration of the red fibre at the top influences 
that of its less active neighbour, a blue one. This observation prompted us to look 
at how the gels might communicate with one another, and in turn, the effect this 
has on their programmed behaviour. 
 
For this we designed an experiment (lasting approximately 1000 seconds, see figure 
2.8) in which a gel bead of high enzyme concentration (1.0 g dm-3) already at high 
pH, as indicated by its blue colour originating from bromothymol blue, makes 
Figure 2.8 | Communication between gels. Alginic acid gel beads containing 0.008 
g dm-3 of urease and the indicating dye bromothymol blue (BMB) are placed in a 
bath of urea at pH 3.50 (the yellow beads at 30 seconds). A gel bead containing 10 
g dm-3 of urease is temporarily introduced, touching only one of the two 0.008 g 
dm-3 urease beads. This higher concentration bead has already been exposed to a 
urea solution and produces ammonia locally, and can be seen 'infecting' the bead it 
touches (t = 240 and 450 seconds). As a result, the infected bead transitions from a 
low to high pH at a faster rate than its uninfected partner. Scale bar = 0.5 cm. See 
video that accompanies the paper DOI: 10.1039/C7MH00033B. 
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temporary contact (240 seconds) with one of two yellow beads of lower urease 
concentration (0.008 g dm-3) in a pH 3.50 urea solution. Contact with the blue bead 
‘infects’ the yellow bead and it transitions faster to blue (exceeding a pH of 7.6 as 
indicated by the presence of bromothymol blue and quantified in figure 2.9) than 
its unaffected counterpart. A plausible explanation is that the transient pH increase 
generated by the first bead drives the lower concentration bead up its bell-shaped 
pH activity curve due to the diffusion of locally generated base. This push 
Figure 2.9 | Communication between gels. Alginic acid gel beads containing 0.008 
g dm-3 of urease and the indicating dye bromothymol blue (BMB) are placed in a 
bath of urea at pH 3.50 (l and q). A gel bead containing 10 g dm-3 (the blue bead 
at 30 seconds, *) of urease is temporarily introduced, touching only one of the two 
0.008 g dm-3 urease beads (l). This higher concentration bead has already been 
exposed to a urea solution and produces ammonia locally, and can be seen 
'infecting' the bead it touches (t = 240 and 450 seconds). As a result, the infected 
bead transitions from a low to high pH at a faster rate than its uninfected partner 
(q), as indicated by BMB. Hue values are calculated by taking an RGB histogram 
and converting to HSV. Square root error bars. 
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decreases the pre-programmed dormancy period and allows the infected gel bead 
to reach a higher pH in a shorter time period. We quantify this change in colour 
as before by measuring the hue angle. The two 0.008 g dm-3 beads start with a hue 
angle of ca. 50 °, corresponding to a yellow colour. The 1 g dm-3 bead has an angle 
of ca. 230 °, typical of a deep blue colour. Over the course of the experiment the 
triggered bead reaches this maximum hue angle whilst the un-triggered bead does 
not. This is due to an increased dormancy period and a slower rate of change.       
 
2.3 Conclusions 
 
To conclude, our studies show that it is possible to design and fabricate hydrogel 
objects that can react with time control in response to a trigger originating from 
their environment. This provides a level of autonomy and ultimately shifts control 
from the environment to the material itself. Additionally, communication between 
nearby hydrogel objects was demonstrated. We believe that the combination of 
uniquely programmed response behaviour and communication opens up exciting 
opportunities in the design of soft robotic materials that are capable of signal 
transduction. As an example, soft robotic objects have to rely on the ability to send 
signals and act upon them in often complex environments. A chemical signalling 
pathway is an obvious choice. A collection of synthetic ‘tissues’ or ‘organs’ may 
receive a shared stimulus, and need to act differently and independently. The ability 
to build soft systems with independent function operating in the same physical 
space brings us closer to this biologically inspired design.  
 
2.4 Experimental methods 
 
2.4.1 Materials 
 
Alginic acid sodium salt (referred to as sodium alginate in this paper), calcium 
chloride hexahydrate (98%), urease from Canavalia ensiformis (Jack bean) type III 
(100K units), urea (99.0 - 100.5%), oil blue N (96%) and oil red O were purchased 
	 19 
from Sigma Aldrich. Ethylenediaminetetraacetic acid (99%) was purchased from 
Avocado Research Chemicals Ltd. and hydrochloric acid (37%) was purchased 
from VWR international. Vegetable oil was purchased from Costcutters Ltd. 
Bromothymol blue, ACS reagent, was purchased from Fisher Scientific. Oleoresin 
paprika oil 80,000 NS was purchased from Kalsec. 
 
Standard wall borosilicate glass capillaries (GC100-10, OD 1.0 mm, ID 0.58 mm 
and GC200-7.5, OD 2.0 mm, ID 1.16 mm) were purchased from Harvard 
Apparatus. Evo-Stik Two Part epoxy resin was applied to seal the capillaries where 
necessary. Solutions were introduced to the microfluidic device through the Clear 
Tygon® tubing (0.8 mm ID, ColePalmer) attached to syringes driven by positive 
displacement syringe pumps (Harvard Apparatus, PHD 2000 series). Weller 
Dispensing Needles KDS3012P (GA 30, ID 0.15 mm) were used to connect the 
tubing to the microfluidic device. 
 
 
 
Figure 2.10 | The assembly of a microfluidic device, from left to right, a-d (a) 
creation of outer phase channel (b) insertion of the flow focused collection capillary 
(c) insertion of the flow focused middle phase capillary (d) connection of aqueous 
and oil phases through feed tubing connected to pump-driven syringes.  
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2.4.2 Microfluidic device construction 
 
A glass capillary with an inner and outer diameter of 1.16 mm and 2.00 mm, 
respectively, forms the outer casing of the device and contains the flow of the 
aqueous alginate phase. Within this, two capillaries with inner and outer diameters 
of 0.58 mm and 1.00 mm, respectively, were tapered to 110 µm with a laser puller 
to allow flow focusing of the inner oil phase. These tapered capillaries were aligned 
to create a flow-focused junction where droplets of oil are formed. The output 
capillary of the device is angled into a bath of 0.1 mol dm-3 aqueous calcium 
chloride solution. 
 
2.4.3 Composite gel synthesis 
  
A vegetable oil phase containing 2 mg cm-3 of either oil red O, oil blue N or paprika 
oil was pumped through a 1 wt. % solution of sodium alginate of the desired urease 
concentration to form droplets of low size dispersity. This oil droplet containing 
flow of alginate solution was collected in a continuous phase of 0.1 mol dm-3 
calcium chloride hexahydrate, where upon an alginate-droplet cable was formed. 
Typical flow rates were 0.005 mL min-1 for the oil phase and 0.15 mL min-1 for the 
aqueous alginate phase. This procedure generates calcium cross-linked sodium 
alginate hydrogel fibres in which the enzyme urease is entrapped, where it is locally 
confined but its activity is retained. 300 µm diameter oil droplets are embedded 
along the length of the fibre, their positions fixed until cross-linking in the gel 
matrix is disrupted. Fibres of 41 droplets in length are used for the fibre studies in 
all cases. These are cut from a freshly synthesised length of fibre, of which the 
enzyme-sodium alginate solution was prepared that day.  
 
Fibres were washed in distilled water and deposited into 20 cm3 of 0.1 mol dm-3 
ethylenediaminetetraacetic acid (EDTA) containing 2 cm3 of 1 mol dm-3 urea, 
corrected to a pH of 3.5 using a 1 mol dm-3 hydrochloric acid solution. Fibres are 
stable in this solution over a matter of days, eventually disintegrating after this time 
(a considerably longer timescale than studied here).  
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2.4.4 Hydrogel observation experiments 
 
Responsive behaviour was filmed on a Nikon D5100 camera with AF-S DX Micro 
NIKKOR 40mm f/2.8G Lens immediately following the addition of the fibre to 
the urea/EDTA solution. 
 
Local pH changes were observed by placing a fibre embedded with 10 g dm-3 of 
urease into 20 cm3 of saturated bromothymol blue solution containing 2 cm3 of 1 
mol dm-3 urea. 
 
Figure 2.11 | pH calibration of bromothymol blue indicator. The pH of a 
bromothymol blue (BMB) solution containing 4 g dm-3 of urease and 0.09 mol dm-
3 of urea is measured. As the pH increases, a change from yellow to blue is 
observed. By taking an RGB histogram and converting to HSV, the change in hue 
angle, and by extension, colour, of the solution is tracked over the course of the 
experiment. A Boltzmann curve is fitted, where y = 245.84826 + (45.71295-
245.84826)/(1 + exp((x-6.66741)/0.27339)). 
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Gel beads were formed by dropping 5 wt. % solutions of sodium alginate 
containing 2 mg dm-3 bromothymol blue and either 0.008 g dm-3 or 10 g dm-3 of 
urease into a 0.1 mol dm-3 calcium chloride hexahydrate solution. The 0.008 g dm-
3 urease beads were washed and placed into 20 cm3 of distilled water containing 2 
cm3 of 1 mol dm-3 urea. The 10 g dm-3 urease beads were washed then placed into 
a 1 mol dm-3 urea solution. They were introduced to the 0.008 g dm-3 urease beads 
when required. 
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3 Temporal and spatial programming in soft 
composite hydrogel objects 
 
This chapter details research published in the paper: R. W. Jaggers, and S. A. F. 
Bon, J. Mater. Chem. B, 2017, 5, 7491-7495 
 
3.1 Introduction 
 
Soft, flexible and deformable structures are commonplace in nature, where 
evolution has developed elegant and efficient designs to accommodate a wide 
range of functions.1 For many years, nature has inspired the creation of machines 
capable of ‘life-like’ tasks,2 and these efforts have spawned the field of research 
known as soft robotics. This discipline seeks to create soft structures capable of 
adaptation, with a sensitivity and agility that can supersede mechanical, hard-
bodied robots.3,4  
 
Soft robots can have the ability to perform shape transformations,5,6 for example, 
muscle like actuation,7,8 or locomotion,9–11 and can interact with their 
environments.12,13 They are typically composed of hydrogels,14,15 polymers16,17, 
including elastomers,18–20 and must be robust.21,22 However, the majority of soft 
robots are still composed of both soft and rigid counterparts, the latter being 
required for power and control.23,24 
 
A key challenge in this field is the design of entirely soft robots, in which 
responsive autonomous behaviour and function is built in and programmed. An 
impressive soft robotic system is the octobot, capable of the catalytic decomposition 
of an on-board fuel to power arm movement.25 This example offers a soft analogue 
of the previously existing hardware version of itself, and shows that soft systems 
can be programmed to act in an autonomous, robotic fashion. Furthermore, large 
(millimetre scale) soft objects have been designed to interact with their 
environments, such as the soft-robotic ray that swims in response to a light 
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source,26 the hydrogel actuator that walks in an electric field,14 the tissue-
engineered jellyfish that propels in an electric field,27 and the sequentially self-
folding shapes formed from shape memory polymers.28    
 
Critically, a soft object of this nature should be capable of non-uniform, 
autonomous behaviour when provided with a fuel. Large soft objects need to be 
built in a way that their structures can vary, in order to introduce different 
functionalities into different parts of the object and allow for more complex 
behaviours, such as spatial or temporal programming.29   
 
In this work, we show that soft hydrogel-based objects can be programmed to 
carry out non-uniform actions across their structures when exposed to a single fuel 
source, based on principles outlined in our previous work.30 We demonstrate the 
temporal and spatial responsive nature of the soft bodies programmed by non-
uniform distribution of the enzyme urease to introduce triggerable active zones in 
the otherwise dormant jelly. These active zones process the trigger fuel, urea, to 
create local pH gradients that alter the object’s structure, as depicted in figure 3.1. 
In its simplest form (generation 1) we show a temporal and spatial colour change, 
associated with a local change in pH. The concept is then extended to control of 
material disintegration (generation 2).  
 
3.2 Results and Discussion 
 
Hydrogel objects are made from viscous aqueous solutions of the biopolymer 
sodium alginate, sourced from brown algae. Gels are easily formed upon exposure 
to Ca2+ (aq.).30,31 Sodium alginate is used widely in the pharmaceutical and food 
industries due to its lack of toxicity and high biocompatibility,32 and is a good 
candidate for building soft sustainable materials.33 We used a templating strategy 
to fabricate centimetre-sized structures, typically a few millimetres thick.   
 
Templates corresponding to the desired soft object shape were printed using a 
FormLab 2 SLA micro-stereolithographic printer. Aqueous sodium alginate 
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formulations, termed ‘pre-gels’, were loaded manually into designated regions of 
the printed templates. These were immediately ionically cross-linked by spraying a 
liquid aerosol of calcium chloride solution onto them (see figure 3.2 for schematic). 
  
The ‘pre-gel’ formulations used contained different ingredients such as coloured 
oil droplets and/or the pH indicator dye bromothymol blue (BMB), and specified 
amounts of the enzyme urease. Urease is introduced to these soft objects to 
spatially control pH over time. The enzyme is trapped inside the gel and does not 
migrate or diffuse (see figure 3.3).34,35 Urease raises the pH by converting urea into 
Figure 3.1 | Schematic describing the behaviour of ionically cross-linked hydrogel 
objects: (1) the semi-permeable soft object converts the fuel source, urea, to 
ammonia, due to the inclusion of urease in selected parts of its structure (2) after a 
defined period of time, urea containing regions of the object generate a local pH 
increase.  Time-programming is possible due to the bell-shaped activity curve of 
urease, depicted in the figure38 with an enzyme rate, v' = (1 + 2 x 10-9 /[H+] + 
[H+]/5 x 10-6) -1 (3) partially protonated ethylenediaminetetraacetic acid (EDTA) is 
found in the low pH (3.50) environment. As the pH of the urease containing 
regions of the object increases, EDTA is locally deprotonated and chelates calcium 
ions from the hydrogel (4) loss of ionic cross-linking results in the disintegration 
and collapse of the urease containing regions.   
 
	 27 
ammonia and carbon dioxide, which we introduce as the trigger into the liquid 
environment in which the gels are placed. 
 
The regional concentration of entrapped urease regulates the local increase in pH 
as a function of time. Time-programming is afforded due to the bell-shaped pH-
activity curve of urease and its associated auto-catalytic behaviour. Low enzyme 
Figure 3.2 | Schematic depicting the synthesis of soft responsive objects. 1) The 
object template is designed and printed using computer aided desing (CAD) and a 
stereolithographic (SLA) laser printer 2) The ‘pre-gel’ is loaded into the template in 
the desired arrangement 3) the pre-gel is ionically cross-linked upon exposure to a 
0.1 mol dm-3 aqueous solution of calcium chloride hexahydrate 4) following cross-
linking, the soft object is removed from the template. Active regions contain the 
enzyme urease, whilst inactive regions do not.   
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activity is observed at low pH values; the generation of base elevates the pH into 
the higher activity window of the bell-shaped pH-activity curve, providing a 
positive feedback mechanism. As the initial increase in pH follows sigmoidal 
Figure 3.3 | Photographs of 1 wt. % calcium cross-linked alginate hydrogel objects 
containing urease at a concentration of 1 g dm-3 along approximately three quarters 
of its length. Photographs A and B show the hydrogel object, immersed in a 
saturated solution of the pH indicator bromothymol blue and 0.1 mol dm-3 urea, 
immediately after synthesis and 3 days later, respectively. A transition from yellow 
to blue indicates a pH higher than 7.6, and is therefore indicative of the location of 
urease (that is converting urea into ammonia and carbon dioxide). As images A and 
B show, the location of the urease appears to be approximately the same after 3 
days, suggesting that the enzyme does not migrate through the hydrogel matrix. 
Images C and D are of the hydrogel objects removed from each of the solutions 
pictured in images A and B, respectively.         
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behaviour, the introduction of a dormancy period by variation of urease 
concentration is possible (see figure 3.1). 
 
We will first discuss Generation 1 hydrogels where the temporal and spatial pH 
responses manifest themselves as colour changes.  
 
When placed into acidic water of pH 3.5 in the presence of urea (0.45 mol dm-3), 
a urease (20 g dm-3) and pH indicator dye containing hydrogel, in the form of 
leaves on an inactive jelly tree, evidently generate a pH increase in excess of 7.6, as 
Figure 3.4 | A continuous soft object is formed from both inactive (white) regions 
that contain no urease, and active regions (coloured) that contain urease at a 
concentration of 20 g dm-3 and the pH indicator bromothymol blue. This object is 
placed in a bath of urea at a concentration of 0.45 mol dm-3, at a pH of 3.5 (hence 
the yellow regions). Once the active regions have processed the urea into ammonia, 
the pH locally rises (above the indicating pH of 7.6) to produce a blue colour.  See 
the supporting video that accompanies paper DOI:10.1039/C7TB02011B for the 
full sequence. Scale bar = 1 cm. 
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determined by the pH colorimetric indicator bromothymol blue (see figure 3.4 and 
the video that accompanies paper DOI:10.1039/C7TB02011B). We are able to 
quantify this change in colour by measuring the hue angle of the corresponding 
HSV histogram of a line scan from one of the leaves. The leaf starts with a hue 
angle of ca. 65°, corresponding to a yellow colour, and finishes with an angle of ca. 
220°, that of the colour blue (N.B. the hue is the angle around the central vertical 
axis of an HSV cylindrical coordinate representation of a colour. The indicator 
bromothymol blue changes colour with pH, and as we are able to track this 
numerically, we are able to quantify its colour). As figure 3.5 shows, the colour 
change starts at the outside of the leaf and progresses inwards, as urea diffuses into 
the object. By comparing the hue angle over time at different points across this 
line scan, the change of colour over time is observed, as in figure 3.6. This curve 
is indicative of the pH increase over time generated by the activity of urease.  As 
Figure 3.5 | An RGB line scan is taken across the width of the most left leaf at 
the following time intervals: t = 0 n, t = 26 ¢, t = 38 p, t = 68 Ð, t = 136 ¿, 
and t = 263 É. From these, the hue angle is calculated (used as a numerical 
representation of colour, as discussed in chapter 2) and plotted against the distance 
of the line scan in the graph. This graph shows the change in colour across the 
width of the leaf. Square root error bars. 
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figure 3.4 shows, this response is not only time programmed, but also spatially 
programmed. By having a non-uniform distribution of urease across the hydrogel 
structure, we are able to create a single, millimetre-sized soft object with 
anisotropic behaviour when exposed to a single stimulus.  
 
In generation 2 systems, we utilise this temporal and spatial programming in the 
selective and coordinated disintegration of a hydrogel object (as described in figure 
3.1), paired in some cases with the release of oil droplets. We achieve this by adding 
the sodium salt of ethylenediaminetetraacetic acid (EDTA) to the hydrogel 
environment as a chelating agent for calcium ions, acting as a dormant Ca2+-sink. 
Objects are placed into an aqueous environment containing both EDTA and urea 
set at a pH value of 3.50. EDTA binds Ca2+ ions best at high pH, when all 6 of its 
donor groups (4 carboxylic acid groups and 2 nitrogens) are ionised. At a pH of 
7.5, only a fraction of the EDTA is in this ionised form and its affinity for Ca2+ 
ions is reduced. As the pH is lowered further, the affinity of this chelator continues 
to decrease.36 This was verified by placing enzyme loaded hydrogel objects into an 
Figure 3.6 | Plotting the hue angle over time at selected locations across several 
line scans (at the pixel distances in figure 3.5 n = 4, l = 10, p = 18, ¿ = 30, and 
É = 40) produces the graph above. This graph depicts the change in colour of the 
leaf over time. Square root error bars.  
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EDTA solution of pH 3.50 without urea. Without the ability to raise its pH, it 
remained intact over a period of at least 14 days. These ionically cross-linked 
objects are stable for months in the absence of EDTA. Upon a pH increase inside 
and in close proximity of the object (as a result of the programmed enzymatic 
reaction), EDTA transitions to its Ca2+ chelating form and thus promotes cation 
exchange. This results in the eventual disintegration of the alginate-gel matrix and 
subsequent release of any entrapped oil droplets. 
 
To recap this system (also summarised in figure 3.1), the object converts urea, the 
fuel, to ammonia, due to the inclusion of urease in its structure. After a defined 
time period, dependent on the concentration of urease, the object generates a local 
increase in pH. Partially protonated ethylenediaminetetraacetic acid (EDTA) is 
Figure 3.7 | A hydrogel tree is formed from an inactive branch structure (clear, 
no urease) and active leaves (red emulsified oil droplets, 20 g dm-3 urease). When 
immersed in an EDTA/urea environment (0.1 and 0.45 mol dm-3, respectively) at 
pH 3.5, the leaves disintegrate to leave a naked tree branch due to local pH 
increases. See the supporting video that accompanies paper 
DOI:10.1039/C7TB02011B for the full sequence. Scale bar = 1 cm. 
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present in the low pH (3.50) environment. As the pH of the active sites on the 
hydrogel object increases locally, EDTA is deprotonated locally and chelation of 
calcium ions results in a loss of cross-linking and disintegration of the object, as 
well as the release of oil droplets if they are present. 
 
Figure 3.7 (and the video that accompanies paper DOI:10.1039/C7TB02011B) 
demonstrates time and spatial programming in a millimetre-sized soft object that 
make use of this autonomous, enzyme-powered system when exposed to a fuel 
source of urea. A 5 wt. % alginate skeleton has 1 wt. % alginate leaves attached to 
it that contain a coloured emulsified oil (Oil Red O in vegetable oil) and urease at 
a concentration of 20 g dm-3. Introduction to an EDTA and urea environment 
causes the leaves to disintegrate and ‘fall off’ the tree, thus decreasing the object’s 
size and changing its shape. Disintegration of the leaves results in the release of 
the emulsified oil, the droplets of which are no longer stabilised once liberated 
from the alginate matrix. All 11 leaves start to disintegrate at the same time, marked 
by the release of oil droplets at 220 seconds, and all disappear at approximately the 
same time (see the video that accompanies paper DOI:10.1039/C7TB02011B). 
This design concept allows for the generation of a soft object that is programmed 
to change shape over time, thus allowing it to exist in more than one form during 
its lifetime. In this example, the enzyme concentration builds in a dormancy period 
prior to the objects transformation, the length of which is determined by the 
concentration of urease at a fixed concentration of urea. As a result, a single 
destabilisation event is observed for all regions containing a single urease 
concentration. If, however, a single object contains three distinct regions of 
different urease concentrations, it will respond at three pre-defined time intervals 
in response to one urea stimulus. 
 
Figure 3.8 (and the video that accompanies paper DOI:10.1039/C7TB02011B) 
shows a composite gel object with regions that contain urease at a concentration 
of 20, 10 and 5 g dm-3, and blue, red and yellow oil droplets, respectively. Following 
the introduction of the object to an EDTA and urea environment, the object 
sequentially disintegrates region by region. At 160 seconds, the first segment, 
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containing 20 g dm-3 urease, starts to disintegrate. This is followed by the second 
segment, containing 10 g dm-3 urease, at 300 seconds, and finally the third segment, 
containing 5 g dm-3 urease, at 780 seconds. These three segments have fully 
disintegrated after 550, 1110, and 4140 seconds, respectively, releasing their oil 
droplets in the process. Reducing the urease concentration both increases the 
dormancy period before material decomposition and the length of the 
decomposition time for a given region in the object. This clearly demonstrates that 
one object can be programmed to exhibit three distinct responses with both spatial 
and temporal programming.     
Figure 3.8 | A continuous soft object containing three distinct regions of different 
enzyme concentrations is immersed in an EDTA/urea environment (0.1 and 0.45 
mol dm-3, respectively) at pH 3.5. Due to local pH increases, segment 1 containing 
emulsified blue oil droplets and 20 g dm-3 urease, disintegrates first, followed by 
segment 2 that contains emulsified red oil droplets and 10 g dm-3 urease, and then 
segment 3 that contains emulsified yellow oil droplets and 5 g dm-3 urease. See the 
supporting video that accompanies paper DOI:10.1039/C7TB02011B for the full 
sequence. Scale bar = 1 cm. 
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3.3 Conclusions 
 
In conclusion, we demonstrate the design and fabrication of continuous soft 
hydrogel objects that are programmed to spatially and temporally respond to the 
environmental cue of a fuel source, urea. The enzyme urease provides the objects 
with in-built time-programming, allowing the objects to produce their own local 
pH fields after pre-defined time periods by means of varied enzyme 
concentrations.  By controlling the distribution of the enzyme urease across the 
body of the object, regions of the object selectively disintegrate upon activation of 
the enzyme. This results in an object with autonomous control over its response 
to an environmental stimulus. Such a material is valuable in the design and 
fabrication of entirely soft robots, offering a way to selectively build responsive 
characteristics into entirely soft objects.    
 
3.4 Experimental methods 
 
3.4.1 Materials 
 
Alginic acid sodium salt (syn. sodium alginate) from brown algae, urease from 
Canavalia ensiformis (Jack bean) type IX powder, 500,000 units/g solid, calcium 
chloride hexahydrate (98%), oil blue N (96%), oil red O and urea (powdered, ≥ 
98%) was purchased from Sigma Aldrich. Ethylenediaminetetraacetic acid (EDTA, 
99%), ethanol (absolute, analytical grade) and hydrochloric acid (37%) was 
purchased from VWR international. Vegetable oil was purchased from Costcutters 
Ltd. Bromothymol blue, ACS reagent, was purchased from Fisher Scientific. 
Oleoresin paprika oil 80,000 NS was purchased from Kalsec. Span 80 was 
purchased from Fluka. 
 
3.4.2 Gel templates 
 
Templates corresponding to the desired hydrogel shapes were created in the 
software package 123 Design (see figure 3.9). These were uploaded into the software 
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package PreForm and printed into 3D polymer objects using the FormLab 2 SLA 
printer (grey resin GPGR03). Polymer templates were washed in ethanol for 20 
minutes to remove residual monomer, then post-cured under a UV lamp (365 nm) 
for 30 minutes. The bottom faces of the gel templates were coated with a thin layer 
of silicone grease (to keep the template water tight) and placed onto a flat silicone 
surface. 
 
3.4.3 ‘Pre-gel’ formulation 
 
Solutions of sodium alginate were prepared by dissolving dry powders of alginic 
acid sodium salt into deionised water at either 1 or 5 wt. %. Active regions of the 
material were created by dissolving the enzyme urease into 1 % sodium alginate 
solutions at a concentration of either 5, 10 or 20 mg cm-3. Coloured regions of the 
gel were created by emulsifying an enzyme loaded 1 wt. % alginate solution with 
vegetable oil (containing 1 mg cm-3 of either oil blue N, oil red O or paprika oil), 
using 1 mg cm-3 of the surfactant Span 80 (enough to stabilise the emulsion for ca. 
10 minutes). In the case of the pH indicator experiments, the ‘pre-gel’ solutions 
contained 1 mg cm-3 of the dye bromothymol blue.  These ‘pre-gels’ are loaded 
into the templates in the desired combination prior to gelation.  
 
Figure 3.9 | 3D drawings created in 123 Design that were printed on the Formlab 
2 SLA printer; the hydrogel tree (left) and 1-2-3 object (right) are shown.  
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3.4.4 Gel cross-linking 
 
Pre-gel loaded templates are exposed to a fine jet spray of 0.1 mol dm-3 calcium 
chloride solution to induce ionic cross-linking of the alginate polymer chains by 
calcium ions. After several jet sprays, the gel surface is covered in a further 2 cm3 
of 0.1 mol dm-3 calcium chloride and left to fully cross-link for 20 minutes. 
Following this, the template was removed and the object rinsed with deionised 
water to remove residual calcium chloride. 
 
3.4.5 Object behaviour 
 
The composite gel objects were placed into a petri dish containing 20 cm3 of 0.1 
mol dm-3 EDTA and 2 cm3 of 5 mol dm-3 urea solution. Their behaviour was 
filmed using a Nikon D5100 camera equipped with a AF-S Micro Nikkor 40 mm 
1:2.8 G lens. Still images are taken from these videos where appropriate.   
 
3.4.6 Colour quantification 
 
The hydrogel leaf on the far left of figure 2 was analysed using ImageJ (Fiji) to collect 
an RGB histogram of the pixels that make up a line scan across its width. These 
RGB coordinates were converted into HSV values, from which the reported hue 
angles were taken.37 See further details in the discussion section of chapter 2. 
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4 Communication between hydrogel beads via 
chemical signalling 
 
This chapter details research published in the paper: R. W. Jaggers, and S. A. F. 
Bon, J. Mater. Chem. B, 2017, 5, 8681-8685 
 
4.1 Introduction 
 
Communication is a significant capability of living organisms. Human beings 
actively communicate with each other on a physical basis, such as visually,1 
audibly,2 or by touch.3  
 
The most primitive and arguably most important form of information exchange, 
which also underpins the above, is chemical communication.4,5 Living organisms 
rely on this method of signal transduction, such as plants,6 vertebrates,7 and 
insects,8 as do biological cells and microorganisms.9 
 
Biological cells can communicate with one another by exchange of chemical 
signals, in the form of secreted signalling molecules, such as hormones, 
neurotransmitters or ions.10 These molecules can be detected by receptors of a 
target cell that can subsequently trigger a response.11,12 Furthermore, simple 
microorganisms such as the amoeba release chemical signals to induce self-
assembly of individuals into multi-cellular colonies, allowing for collective 
motion.13,14 It is theorised that protocells (the earliest versions of modern day 
cells)15 communicated by such elementary chemical signalling, in the absence of 
complicated biochemical machinery.14   
 
Man-made materials have been proposed and designed in an effort to mimic 
communication in and between organisms. The ability to exchange information by 
means of chemical signal transduction has been demonstrated computationally, for 
example gels and microcapsules that undergo communication and auto-
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chemotaxis,14,16–19 vesicles that communicate through nanotubes,20 and 
microcapsules that self-assemble.21  
 
A number of interesting studies have demonstrated that this kind of 
communication between synthetic objects is indeed realistic. Sen and co-workers 
showed that silica particles flock around photo-active silver chloride colloids in 
water, which themselves show schooling behaviour. The swarming phenomenon 
is induced by localised electrolyte gradients established through secretion of ions.22 
Giménez et al. designed capped silica nanoparticles that can send hierarchical 
messages, such that a chemical signal opens a gate that allows for a secondary signal 
to be sent.23 Furthermore, communication mediated cargo delivery, where Janus 
nanoparticles must interchange chemical messengers in order to open a series of 
gates, has been demonstrated.4  
 
Moving away from nanoscale dimensions, communication between an 
interconnected network of giant vesicles has been demonstrated by Orwar and 
coworkers.24,25 The lumina of vesicles, connected by nanotubes, are able to 
exchange material by their interconnecting bridges. Recently, Mansy et al. elegantly 
designed artificial cells which have the ability to sense and synthesise quorum 
signalling molecules, allowing for chemical communication with a range of 
bacteria.26 
 
At a macroscopic length scale, the oscillatory, non-equilibrium Belousov–
Zhabotinsky (BZ) reaction has been used to propagate chemical waves across a 
series of hydrogel objects, thus enabling them to pass on a signal.27,28  
 
In this work, we demonstrate that millimetre-sized, soft hydrogel objects 
containing different signalling and receiving molecules, can communicate by 
exchange of chemical signals when placed in proximity to each other in an aqueous 
environment. Simple chemical and biological tools are used to allow for 
communication to operate in short timescales (seconds to minutes). Beads 
encapsulating one of three species, namely the enzyme urease, the enzyme 
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inhibitor silver (Ag+), and the Ag+ chelator dithiothreitol (DTT), are shown to 
interact when placed in contact with one another (see figure 4.1). By exploiting the 
interplay between the enzyme, its reversible inhibitor, and this inhibitor’s chelator, 
we demonstrate a series of ‘conversations’ between the beads, following the release 
of encapsulated Ag+ and DTT into the surrounding solution and adjacent beads. 
 
These communicating beads are an original example of chemically mediated 
signalling between mixed soft artificial objects, and provides insight into the design 
of biomimetic materials that are able to communicate without continuous external 
input. 
 
4.2 Results and Discussion 
 
Hydrogel beads are formed from aqueous solutions of the biopolymer sodium 
alginate, and are formed by depositing the solution from a pipette tip into a 0.1 
mol dm-3 aqueous solution of calcium chloride hexahydrate or calcium hydroxide. 
Figure 4.1 | The three modes of action of a urease loaded hydrogel bead (a) when 
exposed to an acidic aqueous solution of urea, a bead containing urease generates 
carbon dioxide and ammonia within its core and in its surrounding environment 
(b) if a ‘urease’ bead is exposed to aqueous silver ions (Ag+), the ions reversibly 
bind to the enzyme active site and inhibit it. The bead can no longer produce 
carbon dioxide or ammonia (c) if a silver bound ‘urease’ bead is exposed to 
dithiothreitol (DTT), Ag+ ions can be chelated from the enzyme and thus 
reactivate it, allowing it to produce carbon dioxide and ammonia once again.    
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The desired components, either urease, silver cations or DTT, are dissolved into 
the alginate solution prior to deposition, along with the colorimetric pH indicator 
bromothymol blue. Acetic acid is used to adjust the pH to 3.5 for both the alginate 
and the calcium ion solutions. The beads reside in the calcium solutions for only a 
few minutes, resulting in a solid cross-linked shell and a liquid core (see 
experimental methods for the full protocol). As a monitoring tool in our study, we 
focus on the colorimetric behaviour of an ‘enzyme’ bead. This alginate hydrogel 
bead is loaded with the enzyme urease at a concentration of 1 g dm-3, which is 
entrapped in the bead and cannot leave.29,30 Upon exposure to a 0.1 mol dm-3 
aqueous solution of urea (also corrected to pH 3.5), the urease generates carbon 
Figure 4.2 | Two beads are immersed in a 0.1 mol dm-3 solution of urea; the left 
bead contains urease at a concentration of 1 g dm-3 and silver nitrate at a 
concentration of 5 x 10-4 mol dm-3, and the right contains urease at a concentration 
of 1 g dm-3 only. After 25 seconds, the bead containing only urease increases in 
pH past a value of 7.6, signified by a change in colour of the pH indicator 
bromothymol blue from yellow to blue. The bead containing Ag+ ions does not 
undergo this pH and colour change. Scale bar = 5 mm. See the video that 
accompanies the paper for full sequence.  
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dioxide and ammonia, thus increasing the pH in the bead and its immediate local 
area (see figure 4.1, a). Inclusion of the colorimetric pH indicator bromothymol 
blue within the bead allows us to visualise this change that manifests as a transition 
from yellow to dark blue when a pH of 7.6 is surpassed (see figure 4.2, right bead). 
This colour change happens after a defined time period, in this case after 25 
seconds. Note that the dormancy period can be tailored by variation of the enzyme 
concentration. A lower concentration of urease results in an increased delay before 
pH increase, and thus colour change from yellow to blue thanks to the bell-shaped 
pH activity curve for this enzyme (see our previous study, and chapters 2 and 3, 
for further information about this time programming).31,32 
 
The first communication tool we employ is the deactivation of urease using silver 
ions (Ag+).33,34 
 
Silver (as well as other heavy metal) ions are able to reversibly bind with the active 
site of urease, deactivating it, and thus halting its production of carbon dioxide and 
ammonia (see figure 4.1, b).35 This means that a urease containing bead introduced 
to silver ions, in the form of an aqueous silver nitrate solution, is unable to undergo 
a pH increase when exposed to a solution of urea. We checked this by preparing a 
bead which contained both urease at a concentration of 1 g dm-3 (identical to its 
active partner beside it) and silver ions at a concentration of 5 x 10-4 mol dm-3. Its 
behaviour is compared with the ‘enzyme’ bead (see figure 4.2). The presence of 
silver ions in the left bead halts the production of ammonia and prevents a colour 
change, thus acting as an ‘off’ switch.    
 
This interplay between urease and silver can be used as a tool for communication 
between two gel beads. If a bead containing urease sits next to a bead containing 
silver nitrate, silver ions diffuse from the ‘silver’ bead into the ‘enzyme’ bead. This 
will lead to local deactivation of urease and thus the switching off of the colour 
change. Figures 4.3, 4.4 and 4.5 displays three scenarios a, b, and c, in which the 
concentration of entrapped enzyme is varied, this being 1, 0.25 and 0.125 g dm-3, 
respectively. Each experiment contains three beads aligned. In scenarios a and c, 
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the outer two (left and right) are ‘enzyme’ beads and the middle bead contains 
silver at a concentration of 1 x 10-3 mol dm-3. This ‘silver’ bead is placed in direct 
contact with the right hand ‘enzyme’ bead. In scenario b, the left and middle beads 
are ‘enzyme’ beads, whilst the right-hand bead is ‘silver’. 
 
In each case, the bead on the left transitions from yellow to blue indicating an 
increase in pH, and the time taken for this to happen increases with a decreasing 
enzyme concentration. For a 1 g dm-3 bead, the onset of colour change is at 38 
seconds, for a 0.25 g dm-3 bead it is at 82 seconds, and for a 0.125 g dm-3 bead it 
Figure 4.3 | When a urease containing bead is placed next to a bead containing 1 
x 10-3 mol dm-3 silver ions in a 0.1 mol dm-3 solution of urea, it is either partially 
or fully inhibited, depending on the concentration of urease in the bead. In this 
case, at an enzyme concentration of 1 g dm-3, contact with the ‘silver’ bead 
prevents a small region of the bead from increasing in pH and thus it remains 
yellow, this region being the contact point between the 2 beads. The rest of the 
bead is, however, able to increase in pH in the same fashion as its uninfluenced 
neighbour to the left (the onset of colour change to blue occurring at 38 seconds). 
Scale bar = 5 mm. See the video that accompanies the paper for full sequence. 
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is at 218 seconds. The right ‘enzyme’ bead, however, displays a different behaviour, 
on account of its interaction with the ‘silver’ bead. 
 
In the case of an enzyme concentration of 1 g dm-3 (scenario a, figure 4.3), contact 
with the ‘silver’ bead deactivates a small region of the ‘enzyme’ bead hereby 
arresting its colour change. This region is in proximity to the contact point between 
the two beads. The majority of the bead remains enzymatically active, however, 
and thus able to undergo the colour transition from yellow to blue. 
 
Figure 4.4 | When a urease containing bead is placed next to a bead containing 1 
x 10-3 mol dm-3 silver ions in a 0.1 mol dm-3 solution of urea, it is either partially 
or fully inhibited, depending on the concentration of urease in the bead. When the 
enzyme concentration in the beads is lowered to 0.25 g dm-3, a similar behaviour 
is observed to that of figure 4.3, however the yellow region at the contact point is 
widened, such that a large portion of the enzyme bead remains at low pH after 
351 seconds. The uninfluenced bead transitions to high pH and blue at 82 seconds. 
Scale bar = 5 mm. See the video that accompanies the paper for full sequence. 
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When the enzyme concentration in the beads is lowered to 0.25 g dm-3 (scenario 
b, figure 4.4) a similar behaviour is observed. Note that we exchanged the two 
beads, so now the ‘silver’ bead is on the outer right. The yellow region at the 
contact point is widened, such that a larger portion of the ‘enzyme’ bead remains 
at low pH (and thus yellow) after 351 seconds. When the enzyme concentration is 
lowered further to 0.125 g dm-3 (scenario c, figure 4.5), this yellow region is 
extended fully across the entire ‘enzyme’ bead, and remains yellow after 949 
seconds.   
 
From these observations, we deduce that the silver ions loaded into the ‘silver’ 
bead are able to diffuse into the ‘enzyme’ bead with which they make contact but 
not with the ‘enzyme’ bead found further afield. The different responses of the 
Figure 4.5 | When a urease containing bead is placed next to a bead containing 
1 x 10-3 mol dm-3 silver ions in a 0.1 mol dm-3 solution of urea, it is either partially 
or fully inhibited, depending on the concentration of urease in the bead. When the 
enzyme concentration is lowered further to 0.125 g dm-3, this yellow region is 
extended fully across the entire ‘enzyme’ bead, remaining after 949 seconds. The 
uninfluenced bead transitions to high pH and blue at 218 seconds. Scale bar = 5 
mm. See the video that accompanies the paper for full sequence. 
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‘enzyme’ beads to this influx of silver ions is explained by the time-delayed 
behaviour of the urease. 
 
The concentration of silver used, here 1 x 10-3 mol dm-3, far exceeds that of the 
amount needed to deactivate each urease molecule. In scenario a, figure 4.3, ca. 1.8 
x 10-6 mol dm-3 of urease was present (at 545 kDa). We therefore postulate that 
the enzymatic reaction at higher enzyme loadings generates a sufficiently high flux 
to influence the diffusional flow profile of the silver ions, hindering bead 
penetration. When the enzyme concentration is low, this counter flux caused by 
the enzymatic reaction is too low to stop complete penetration of the silver ions, 
hereby deactivating the ‘enzyme’ bead fully.  
 
The second communication tool we employ is the reactivation of urease by 
chelating the bound silver ions with dithiothreitol (DTT), see figure 4.1, c.36,37 
 
When a bead containing both urease, at a concentration of 5 g dm-3, and silver 
cations, at a concentration of 2 x 10-4 mol dm-3, is immersed in a 0.1 mol dm-3 
solution of urea, no pH increase is observed (left bead in figure 4.6, confirming 
figure 4.2). If an identical bead makes contact with one containing 0.52 mol dm-3 
DTT, the encapsulated DTT diffuses into the silver-deactivated ‘enzyme’ bead. 
This results in the chelation of silver ions from the urease and thus its reactivation. 
This is visualised on the right-hand side of figure 4.6, where the ‘DTT’ bead (far-
right) makes contact with a silver-bound ‘urease’ bead (centre), inducing a 
transition from yellow to blue. This quite clearly shows that DTT can act as an ‘on’ 
switch to a previously deactivated ‘urease’ bead, and that the ‘urease’ bead receives 
a chemical signal from the ‘DTT’ bead. 
 
In the final communication scenario shown in figure 4.7, our two switches are used 
in unison to create a trio of communicating beads.  
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Just as in figure 4.5, a 1 x 10-3 mol dm-3 ‘silver’ bead sits next to a 0.125 g dm-3 
‘urease’ bead (far left and the top middle bead, respectively). In this case, however, 
a third bead is introduced, namely a 0.52 mol dm-3 ‘DTT’ bead (bottom middle). 
The far-right bead, containing 0.125 g dm-3 urease, undergoes its colour and pH 
change as expected (onset at 214 seconds).  
 
As the left-hand ‘enzyme’ bead makes contact with a ‘silver’ bead, a pH increase 
after this time period is not observed, as the silver inhibits the enzyme. After a 
longer delay (420 seconds), a pH increase is observed, in contrast to figure 4.5 
where no ‘DTT’ bead is present. We infer that the ‘DTT’ bead present in figure 
Figure 4.6 | When a bead containing both urease, at a concentration of 5 g dm-3, 
and silver, at a concentration of 2 x 10-4 mol dm-3, is immersed in a 0.1 mol dm-3 
solution of urea, no pH increase is observed (left bead). If an identical bead 
(middle bead) makes contact with one containing 0.52 mol dm-3 DTT (right bead), 
the contained DTT diffuses into the silver-bound ‘enzyme’ bead. This results in 
the chelation of silver ions from the urease and thus its reactivation. Scale bar = 5 
mm. See the video that accompanies the paper for full sequence.  
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4.7 competes with the ‘silver’ bead, chelating and thus removing any silver blocking 
urease activity. Importantly, the observed behaviour of the ‘enzyme’ bead requires 
communication with both the ‘silver’ and ‘DTT’ bead, in the form of two 
competitive chemical signals.   
 
 
 
 
Figure 4.7 | Just as in figure 4.5, a 1 x 10-3 mol dm-3 ‘silver’ bead sits next to a 
0.125 g dm-3 ‘urease’ bead (far left and the top middle bead, respectively) in an 
aqueous solution of 0.1 mol dm-3 urea. In this case, however, a third bead is 
introduced, namely a 0.52 mol dm-3 ‘DTT’ bead (bottom middle). The far-right 
bead, containing 0.125 g dm-3 urease, undergoes its colour and pH change as 
expected (onset at 214 seconds). As the left-hand ‘enzyme’ bead makes contact 
with a ‘silver’ bead, a pH increase after this time period is not observed, as the 
silver binds to the enzyme active site. After a longer delay (420 seconds), a pH 
increase is observed, in contrast to figure 4.5 where no ‘DTT’ bead is present. 
Scale bar = 5 mm. See the video that accompanies the paper for full sequence. 
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4.3 Conclusions 
 
In conclusion, we have demonstrated that by using a trio of simple biochemical, 
inorganic and organic molecules, we can conduct exchanges of communications, 
or ‘conversations’ between soft hydrogel beads. The interplay between the enzyme 
urease, the enzyme inhibitor silver (Ag+), and the Ag+ chelator dithiothreitol 
(DTT) allows for exchange of information of complexity analogous to signalling 
in simple microorganisms and to the physiochemical mechanisms theorised to 
have been used by the earliest protocells. We believe that this system demonstrates 
an advance in the communication capabilities of entirely soft systems.  
 
4.4 Experimental methods 
 
4.4.1 Materials 
 
Alginic acid sodium salt (referred to as sodium alginate in this paper), calcium 
chloride hexahydrate (98%), calcium hydroxide (³ 95 %, ACS reagent) urease from 
Canavalia ensiformis (Jack bean) type III (100K units), DL-dithiothreitol (³ 98 %), 
silver nitrate (³ 99.0 %) and urea (99.0 - 100.5%) were purchased from Sigma 
Aldrich. Acetic acid glacial and bromothymol blue, ACS reagent were purchased 
from Fisher Scientific. 
 
4.4.2 Gel bead synthesis 
 
Sodium alginate solutions were prepared by dissolving dry alginic acid powder in 
water at an appropriate concentration (5 or 10 wt. %) overnight. Once prepared, 
solutions were used within 3 weeks. 0.1 mol dm-3 aqueous solutions of silver nitrate 
were prepared and kept in darkness to prevent degradation. Once prepared, these 
were used within 1 week.  
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4.4.2.1 Urease beads 
 
In the case of 1 and 5 g dm-3 urease beads, dry urease powder was dissolved into 
5 wt. % sodium alginate solutions at appropriate concentrations. For lower 
concentration urease beads, 1 g dm-3 aqueous urease solutions were prepared, 
diluted as necessary, and combined with appropriate volumes of 10 wt. % sodium 
alginate solutions to produce solutions of a desired urease concentration. 
Bromothymol blue was added to each of these urease/sodium alginate solutions 
at a concentration of 2 mg cm-3 and corrected to a pH of 3.5 using a 1 mol dm-3 
aqueous solution of acetic acid. 
 
4.4.2.2 Urease/silver beads 
 
For beads containing both urease and silver nitrate, the above protocol (urease 
beads) was repeated. This was followed by the addition of an aliquot of 0.1 mol dm-
3 aqueous solution of silver nitrate to produce solutions of a desired silver ion 
concentration. These solutions were kept in darkness to prevent degradation.     
 
4.4.2.3 Silver beads 
 
An aliquot of 0.1 mol dm-3 aqueous solution of silver nitrate was added to 5 cm3 
of 5 wt. % sodium alginate solution to produce a solution of a desired silver ion 
concentration. Bromothymol blue was added at a concentration of 2 mg cm-3 and 
corrected to a pH of 3.5 using a 1 mol dm-3 aqueous solution of acetic acid. The 
solution was kept in darkness to prevent degradation. 
 
4.4.2.4 Dithiothreitol beads 
 
0.08 g of dithiothreitol was added to 1 cm3 of 5 wt. % sodium alginate solution. 
Bromothymol blue was added at a concentration of 2 mg cm-3 and corrected to a 
pH of 3.5 using a 1 mol dm-3 aqueous solution of acetic acid. 
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To form solid beads, these 4 alginate solutions were introduced to calcium ions, 
hereby ionically cross-link the alginic acid polymer chains to form millimetre sized 
beads with liquid cores. Beads make contact with calcium solutions for a few 
minutes, which is not long enough to cross-link throughout the bead. Alginate 
beads were cross-linked by dropping the alginate solution into a 0.1 mol dm-3 
solution of calcium chloride hexahydrate from a pipette tip. For silver beads, a 0.1 
mol dm-3 aqueous solution of calcium hydroxide was used as the calcium ion 
source (so as to prevent precipitation of silver chloride). Both solutions are 
corrected to pH 3.5 using a 1 mol dm-3 aqueous solution of acetic acid. Beads are 
rinsed in deionised water before use. 
 
4.4.3 Communication experiments 
 
For all experiments, gel beads were immersed in a petri dish containing 20 cm3 of 
deionised water and 2 cm3 of a 1 mol dm-3 aqueous solution of urea corrected to 
a pH of 3.5 using a 1 mol dm-3 aqueous solution of acetic acid. Communication 
experiments were filmed on a Nikon D5100 camera with AF-S DX Micro 
NIKKOR 40mm f/2.8G Lens.  
 
4.4.4 Full timings breakdown  
 
 
Table 4.1 Full timings breakdown 
Onset of blue colour / 
seconds 
Experiment Figure Blank 
bead 
Paired 
bead 
1 g dm-3 enzyme/silver bead 2 25 n/a 
1 g dm-3 enzyme + silver bead  3a 38 43 
0.25 g dm-3 enzyme + silver bead 3b 82 130 
0.125 g dm-3 enzyme + silver bead 3c 218 n/a 
5 g dm-3 enzyme/silver + DTT bead 4 n/a 42 
0.125 g dm-3 enzyme + silver + DTT bead 5 214 420 
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5 Control of capsule membrane permeability 
with catalytic particles 
 
This chapter details research published in the paper: R. W. Jaggers, R. Chen, and 
S. A. F. Bon, Materials Horizons, 2016, 3, 41-46 
 
5.1 Introduction 
 
A vesicle is a self-contained body of liquid surrounded by a lamellar, often bilayer-
type, membrane dispersed in a liquid environment. In nature, the membranes of 
vesicles and cells are composed of phospholipid amphiphiles. These amphiphiles 
contain both a hydrophilic and hydrophobic domain which allows them be 
assembled into bilayer-type spherical structures.1 Their membranes are composed 
of an inner hydrophobic region surrounded by outer hydrophilic domains that face 
the inner and outer aqueous environments in which the vesicle can be found.2    
 
Vesicles can also be formed artificially by the spontaneous assembly of amphiphilic 
building blocks under appropriate solvent conditions, given that the ratio between 
the hydrophilic and hydrophobic domains is appropriate.3–5 These building blocks 
can be either natural or synthetic, namely lipids or di-block copolymers, and their 
corresponding structures are known as liposomes or polymersomes, respectively.  
 
Compartmentalisation of small and finite volumes of liquids and the consecutive 
emergence of membrane bioenergetics are identified as being of key importance 
in the evolution of cells, and hence the origins of life.6 The ability to mediate 
transport across a cell membrane is crucial for cellular activity, from regulation of 
ion transport to uptake of nutrients.7 In eukaryotic and prokaryotic cells, functional 
proteins embedded in the cell membrane regulate transport of ions and molecules 
and are known as transmembrane proteins (TMPs). This concept of regulating and 
controlling membrane permeability on demand is being explored in a variety of 
scientific fields, using a range of both biological and chemical methods. 
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A pioneering example where biology, in the form of TMPs, meets synthetic 
macromolecular chemistry, in the form of polymer vesicles, was reported by Meier 
and co-workers in which polymersome nanoreactors were permeabilised to small 
solutes by the inclusion of a nonspecific channel protein, bacterial porin OmpF, 
into the membrane wall.8 In a different study, Meier and co-workers demonstrated 
the incorporation of Aquaporin Z, a water channel protein, into the walls of 
polymeric vesicles.9 Inclusion of this protein resulted in a significantly increased 
water permeability, almost 90 times greater than vesicles without. Choi and 
Montemagno elegantly demonstrated that several proteins working in conjunction 
with one another could be inserted into a vesicle membrane, creating a multi-
protein, light-driven adenosine triphosphate (ATP) engine.10 Moreover, channel 
proteins have also been used to mediate deoxyribonucleic acid (DNA) 
translocation by acting as a receptor for binding bacteriophage viruses, creating 
polymeric vehicles for DNA.11 
 
Synthetic membrane channels have also been used to modify the permeability of 
polymeric vesicles, for example, Hammer and colleagues showed that the inclusion 
of dendritic helical pores facilitates proton transport across a membrane.12 Perrier, 
Jolliffe and co-workers demonstrated the use of cyclic peptide– poly(N-
isopropylacrylamide) conjugates as thermoresponsive channels,13 whilst Gin et al. 
showed that aminocyclodextrins can be used as anion-selective channels.14 
 
The use of membrane channels is not the only route towards gaining control of 
transmembrane transport; the inherent permeability of a vesicle membrane itself 
can be influenced by physical phenomena. Near their liquid-crystalline transition 
temperatures, liposomes exhibit an enhanced leakiness of their membranes,15 a 
property exploited by Yatvin and co-workers in their design of temperature-
controlled, drug-releasing vesicles.16 Battaglia and co-workers demonstrated shear-
rate induced modulation of polymersome membrane permeability.17 
 
The amphiphilic balance of the macromolecular building blocks of polymer 
vesicles can be altered to regulate permeability. Oxidative responsive 
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polymersomes in which the hydrophobic propylene sulfide units were oxidised by 
hydrogen peroxide into their more hydrophilic propylene sulfoxide analogues were 
reported by Tirelli, Hubbell and co-workers.18 A variation on this concept using 
glucose oxidase to generate hydrogen peroxide in situ was reported by Hubbell et 
al.19 Ahmed and Discher showed that triggered partial hydrolysis of the block 
copolymer building blocks of vesicular structures induced self-porating 
membranes capable of enhanced release.20 Du and Armes showed a pH 
dependence in polymersome membrane assembly that affects permeability.21 
Eisenberg et al. interestingly showed that an alternating pH in the surrounding 
solution of a vesicle can trigger a ‘‘breathing’’ behaviour, resulting in the diffusion 
of species in and out of the vesicle upon a reversible change in vesicle volume.22 
Van Hest and co-workers incorporated phenyl boronic acid based stimuli 
responsive block copolymers into vesicular structures which allowed for pore 
formation at both high pH and sugar exposure.23 De Geest and co-workers created 
core–shell capsules consisting of a degradable microgel core surrounded by a semi-
permeable membrane. Upon degradation of the microgel core, the accompanied 
increase in osmotic pressure ruptures the surrounding membrane and triggers the 
release of the encapsulated species.24 
 
One interesting approach is the use of functional nanoparticles on or in the 
membrane, as well as inside, of manmade vesicles. In these hybrid supracolloidal 
structures it has been shown that control of membrane permeability is possible 
using the characteristic features of the nanoparticles. 
 
Oh and co-workers incorporated nanoparticles of silver25 and gold26 into the 
membranes of phospholipid vesicles and showed enhanced membrane fluidity and 
thus permeability. Paasonen and colleagues used the concept of hyperthermia to 
show that exposure to light of vesicles with gold nanoparticles on or in their 
membranes enhanced their permeability.27 Weitz et al. created giant polymersomes 
from poly(N-isopropyl acrylamide) containing di-block copolymers and gold 
nanoparticles using microfluidics.28 These polymersomes exhibited thermo- and 
photo-responsive behaviour, as well as tuneable permeability. Lecommandoux and 
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others prepared magneto-responsive polymer vesicles by embedding iron oxide 
nanoparticles into the lamellar membranes of vesicles.29–34 Upon exposure to an 
externally applied magnetic field the vesicles could undergo magnetotaxis (gradient 
field), deform, be used as contrast agents in magnetic resonance imaging and as 
drug delivery vehicles that delivered their payload by means of radiofrequency 
magnetic hyperthermia. 
 
In this chapter, we show that manganese oxide particles that are embedded into 
the membranes of polymer capsules are able to enhance permeability upon 
activation and reaction of the catalytic particles with small amounts of hydrogen 
peroxide. To the best of our knowledge, this concept of using chemical 
heterogeneous catalysis as a strategy to influence membrane permeability has not 
been previously reported. We believe that our method offers an interesting tactic 
to control and regulate release from vesicular structures dispersed in a liquid. 
  
5.2 Results and Discussion 
 
Since their first description in 1925, double emulsion droplets have received 
continued interest.35 Double emulsion droplets of controlled dispersity can be 
made, for example, by membrane emulsification techniques,36 using T-shaped 
microchannels,37 electrified coaxial liquid jets,38 or in this case, flow focusing 
microfluidic devices.39–42 
 
Polymer capsules of low dispersity in size distribution were prepared using a 
microfluidics technique from water-in-oil-in-water double-emulsion droplets, with 
a middle phase of chloroform containing poly(n-butyl methacrylate)94-block-poly-
(2-(dimethylamino) ethyl methacrylate)37 and manganese oxide particles, as shown 
in figure 5.1.  
 
For membrane permeability and release studies, which are described later, the inner 
aqueous phase contained either sodium sulfate, sodium fluoride, or congo red dye. 
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Dark field microscopy indicates that manganese oxide particles are part of the 
membrane of the capsule as scattering is observed, as shown in figure 5.2, a. 
Cryogenic scanning electron microscopy confirms that manganese oxide particles 
are embedded into the membrane of the polymer capsule, shown in figure 5.3. The 
addition of small amounts of hydrogen peroxide (0.1 wt. %) to sodium sulfate 
loaded capsules dispersed in a barium chloride solution showed a steady release of 
their content in the form of observed precipitation of barium sulfate particles, see 
figure 5.2, b. 
 
This observation implies a dramatic change in permeability of the capsule 
membranes when exposed to a chemical trigger and prompted us to study the 
Figure 5.1 | Schematic drawings of (a) the formation of double emulsion droplets 
of low dispersity in size distribution using a flow-focussing microfluidic device. An 
inner aqueous phase (pink, b) is contained within an intermediate organic phase 
containing amphiphilic block copolymer, poly(n-butyl methacrylate)-block-poly(2-
(dimethylamino) ethyl methacrylate, and catalyst particles (yellow, a) in an aqueous 
outer phase (blue, c); (b) the formation of capsules from the double emulsion 
droplets. After evaporation of the volatile organics from the middle phase, vesicular 
polymer capsules are formed, containing catalyst, that is manganese oxide, particles 
in their walls.  
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release characteristics of the catalytic manganese oxide containing membranes 
quantitatively. 
 
Fluoride ion selective electrode measurements were carried out in the continuous 
phase of sodium fluoride loaded capsules. To provide reference, the release 
profiles of capsules with and without embedded manganese oxide particles were 
compared, as shown in figure 5.4. Complete release of fluoride ions results in a 
concentration of 62 ppm. 
 
The capsules without manganese particles showed a significantly higher release rate 
of fluoride ions than those with particles embedded in their membranes. It is worth 
noting that the experiments start when chloroform has not fully evaporated from 
the membrane phase. Its presence led to retardation, as initially a thicker 
hydrophobic barrier has to be overcome by the ions. For capsules without particles 
in their walls, this retardation period was 20–30 min. Once chloroform had 
Figure 5.2 | Dark field microscopy images of (a) capsules with membrane embedded 
manganese oxide particles; (b) capsules undergoing slow release of encapsulated sulfate 
ions upon addition of a small amount of hydrogen peroxide. The outer water phase 
contains Ba2+ cations, and hence the precipitation of barium sulfate occurs, which is 
observed as a haze. 
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evaporated, the release rate reached its maximum and started to decelerate as the 
concentration difference between the inside and outside of the capsules decreased. 
Strikingly, the chloroform evaporation process took much longer for the capsules 
with manganese dioxide particles (about 100–110 min, see figure 5.4). It is plausible 
that both the reduced effective surface area due to the presence of impermeable 
manganese oxide particles (ca. 20 volume percent of the membranes) and particle 
induced light scattering (protecting the capsules from heating up due to light 
exposure under the microscope) explain this observation. We speculate that the 
Figure 5.3 | Cryo-SEM images of capsules with membrane embedded manganese 
oxide particles: (a) overview image of a single frozen capsule in ice; (b) magnified 
observation of the region in blue in panel (a); (c) magnified view of the region in yellow 
in panel (a). The manganese oxide particles can be clearly observed to be part of the 
vesicular membrane. These images suggest a wall thickness of 100-200 nm, far 
exceeding those that would be observed in the case of a unilamellar vesicular 
structure. The capsule wall may be multilamellar or less ordered. 
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slowdown of release after ca. 300 minutes is due to the fading out of the 
chloroform plasticisation effect, making the capsule membranes less fluid-like.  
 
The release behaviour of the manganese oxide capsules exposed to different 
hydrogen peroxide solutions was studied. For this we prepared water-based 
dispersions of ca. 6000 capsules containing 0.2 mol dm-3 sodium fluoride (6 cm3 of 
water outer phase, 0.1 cm3 of inner aqueous phase). Again, release profiles were 
measured with a fluoride selective electrode. When a diluted hydrogen peroxide 
solution was added after 150 min, 0.2 cm3 of 3 wt. % H2O2 (establishing a bulk 
H2O2 concentration of ca. 0.1 wt. %), a clear increase in membrane permeability 
and thus enhanced release rate of fluoride ions was observed, see figure 5.5. 
Approximately 20–30 minutes after this stimulus, the release rate dropped to a 
similar level to that of the sample without H2O2 (in the region between 200 
minutes and 250 minutes), indicating that the majority of the hydrogen peroxide 
trigger had been consumed. The same treatment was repeated at both 250 minutes 
Figure 5.4 | Fluoride ion release profiles of two different capsule populations. 
‘Naked’ capsules (red), containing no manganese oxide particles, show a faster rate 
of release than those with (black). Square root error bars. 
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and 340 minutes in order to confirm the initial observation. Again, a temporary 
increase in membrane permeability was observed. This shows that the catalytic 
reaction between hydrogen peroxide and the manganese oxide particles increases 
membrane permeability until the hydrogen peroxide is depleted, see figure 5.5. The 
exact mechanism of this temporary increased permeability is not fully understood. 
We hypothesise that the catalytic breakdown of hydrogen peroxide to dioxygen 
and water at the site of the particles induces the formation of transient openings 
at the interface between the particles and the membrane, thus increasing 
membrane permeability. It is important to note that the driving force for release 
Figure 5.5 | Fluoride ion release profiles of water-based dispersions of ca. 6000 
MnO2 particle embedded capsules containing 0.2 mol dm-3 sodium fluoride (6 cm3 
of water outer phase, 0.1 cm3 of inner aqueous phase) with (a) 3.0 cm3 of 30 wt. 
% H2O2 added at 50 min (blue, dashed vertical line indicates time of hydrogen 
peroxide addition), (b) aliquots of 0.2 cm3 of 3 wt. % H2O2 added at 150, 250 and 
340 min (red, solid vertical lines indicate time of hydrogen peroxide addition), and 
(c) no H2O2 stimulus (black). This process of “catalytic” enhanced release was 
visualized clearly under dark field microscopy observations in which release of 
sulfate ions triggered the formation of insoluble barium sulfate particles (see figure 
5.2, b). Square root error bars. 
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depends on the difference between the concentrations of fluoride ions inside and 
outside of the polymer capsules. Therefore, we also carried out blank experiments 
in which aliquots of water were added. Indeed, small enhancements of release rates 
were observed in line with the induced concentration change, as shown in figure 
5.6. However, this effect was minor in comparison with the hydrogen peroxide 
catalytic trigger. Another point worth noting, which could plausibly explain 
enhanced release, is the potential self-destruction of a sub set of capsules upon 
addition of the hydrogen peroxide trigger. We therefore carried out smaller scale 
experiments with 200 capsules and counted the capsules before and after our 
release experiments. Less than 4 capsules (2 %) were found to be destroyed in each 
of these runs. The majority of capsules survive the peroxide trigger and therefore 
we can conclude that that enhanced membrane permeability was indeed achieved 
by the catalytic activity of the manganese oxide particles. 
 
Figure 5.6 | Fluoride ion release of particle-embedded capsules with hydrogen 
peroxide (red) and water (black) triggers at 150, 250 and 340 minutes. Square root 
error bars. 
	 67 
One could argue that the manganese oxide particles act as stoppers, which upon 
peroxide activation, could pop out, hereby creating a temporary pore allowing for 
the observed enhancement in release of fluoride ions. ICP-OES measurements of 
the outer water phase post peroxide treatment showed no sign of presence of 
manganese. We therefore can confirm that the manganese oxide particles remained 
associated with the capsule membranes (the experimental methods section 
describes this experiment in detail). 
 
Figure 5.7 | Dark microscopy sequence of video stills (see video that accompanies 
paper DOI: 10.1039/C5MH00093A) of a water-based (containing barium cations) 
dispersion of capsules with membrane embedded manganese oxide particles and 
loaded with sodium sulfate, after the addition of a large aliquot of hydrogen 
peroxide. The stills show the formation of oxygen bubbles, leading to deformation 
and rupture of the capsule membranes hereby releasing the sulfate ion content, as 
visualized by the formation of a stream of in situ formed barium sulfate particles (a 
white haze). Scale bar: 150 µm. 
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Triggered release of the full capsule contents from hybrid capsules is possible upon 
exposure to high concentrations of hydrogen peroxide (3.0 cm3, 30 wt. %). The 
formation of oxygen bubbles upon catalytic reaction causes imminent membrane 
deformation and rupture, followed by immediate release and self-destruction of 
the capsules (figure 5.5, blue, and figure 5.7). 
 
A question one could ask is if there is a variation between release profiles of 
different compounds from the capsules. The capsule membrane can be seen as a 
barrier for transport phenomena. We therefore decided to look at the release 
profile of the diazo dye congo red, which is the disodium salt of 3,30-([1,10-
biphenyl]-4,40-diyl)bis(4-aminonaphthalene-1-sulfonic acid). In equivalent 
experiments to those of the aforementioned fluoride release ones, polymer 
Figure 5.8 | Congo red release profiles of water-based dispersions of ca. 6000 
MnO2 particle embedded capsules containing 3.0 mmol dm-3 congo red dye (6 
cm3 of water outer phase, 0.1 cm3 of inner aqueous phase) with (a) 3.0 cm3 of 30 
wt. % H2O2 (blue), or (b) 0.2 cm3 of 3 wt. % H2O2 (red) added at 150 min (solid 
vertical line indicates time of hydrogen peroxide addition), and (c) no 
H2O2 stimulus (black). Square root error bars. 
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capsules were loaded with an aqueous solution of congo red (3.0 mmol dm-3) and 
the dye concentration in the outer phase was monitored using UV-Vis 
spectroscopy (lmax = 505 nm). The results are displayed in figure 5.8. 
 
As seen in the fluoride release experiments, treatment with 3.0 cm3 of 30 wt. % 
hydrogen peroxide causes rupture of all capsules triggering instant and ‘‘complete’’ 
release, whilst a smaller 0.2 cm3 of 3 wt. % of H2O2 treatment caused temporary 
acceleration of dye release. When we compare the release profiles of fluoride ions 
with congo red dye from manganese oxide loaded capsules in the absence of any 
trigger, the fraction of congo red released after 900 minutes is substantially lower, 
that is 11 % versus ca. 48 % of the fluoride ions. It should be noted, however, that 
over the time period of 400 to 900 minutes, release rates appear not to differ 
substantially.  
 
The addition of 0.2 cm3 of 3 wt. % of H2O2 after 150 min clearly enhances the 
release rate of congo red. What is striking is that in both catalytic scenarios the 
total amount released was limited to approximately 50 % of the encapsulated dye 
Figure 5.9 | Confocal microscope image of a partially buckled polymer capsule 
loaded with 0.003 mol dm-3 congo red dye solution, the capsule being dispersed in 
an aqueous sodium chloride environment. Scale bar = 50 µm. 
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expected to be released. We found that the reason for this was the strong 
physisorption of the dye to the amphiphilic block copolymer, that is poly(n-butyl 
methacrylate)94-block-poly(2-(dimethylamino) ethyl methacrylate)37. This strong 
adsorption, and therefore accumulation of congo red into the capsule membrane 
wall, was confirmed by confocal microscopy, see figure 5.9. For this we purposely 
buckled a polymer capsule using a sodium chloride solution. As can be seen from 
the image, a higher intensity and thus, concentration, of the dye was observed in 
the wrinkled parts of the membrane. 
 
5.3 Conclusions 
 
We have demonstrated that the permeability of vesicular-type structures 
containing catalytically active colloidal particles as part of their membrane can be 
regulated by use of a chemical trigger. This model system offers an exciting method 
of regulating and controlling transmembrane transport, which may be of interest 
to a range of scientific fields. 
 
One comment we would like to make that relates to the area of the evolution of 
life is that a hybrid vesicular structure, which has ‘‘active’’ colloidal particles either 
adhered to the surface of the membrane, or embedded into it, can achieve 
chemically activated control of membrane permeability. This is what we have 
shown here. 
 
The origin of biological membranes remains ambiguous. Wächtershäuser43,44 and 
Russell and co-workers,45 for example, argue that porous pyrite (FeS) structures 
found in deep-sea hydrothermal vents contain small pockets of water and have the 
ability to accumulate organic matter due to the relative hydrophobic nature of 
pyrite. The hypothesis is that these compartmentalised structures are suitable 
microenvironments for life to evolve and, therefore, can be seen as semi-
permeable predecessors to protocells (protocells, the predecessors to modern cells, 
possess a self-replicating genome encapsulated by a membrane that can grow and 
divide, thus allowing it replicate. Unlike a cell, however, a protocell mediates its 
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cell uptake not with sophisticated membrane transport control, but by diffusion 
through the membrane alone. The evolution of these primitive cell analogues is a 
hot topic of debate amongst evolutionary scientists, with particular focus on the 
requirements of self-replication and cell function).46,47 They are formed through 
precipitation and assembly of metal sulfides on the surface of hydrogen sulfide 
rich gas bubbles, another example being based on zinc sulfide.48 A modern 
synthetic analogue of such semipermeable compartmentalised structures would be 
a colloidosome,49 which can be built from colloidal particles that adhere to liquid–
liquid, or liquid–gas interfaces, so-called Pickering stabilisers.50 The next step in 
evolution of these early compartmentalised structures describes the formation of 
a cell membrane in the form of liposomes, and herein is where the problem lies. 
How would a primitive cell get its nutrients when modern model lipid-based cell 
membranes are effectively non-permeable for desired molecules on an acceptable 
time scale, if membrane-proteins are left out?51 Mansy and co-workers suggested 
that protocells made with fatty acid components were able to take up nucleotides 
through concerted flipping,52 fast at high temperatures, and that in addition DNA 
strand separation processes benefited from thermal fluctuations.53 We would like 
to suggest here that a hybrid vesicular structure, which has ‘‘active’’ colloidal 
particles as part of its membrane, may have controlled permeability in primitive 
cells. 
 
5.4 Experimental methods 
 
5.4.1 Poly(n-butyl methacrylate)-b-poly(2-(dimethylamino) ethyl 
methacrylate) synthesis 
 
5.4.1.1 Materials 
 
Ethyl α-bromoisobutyrate (98%), 2-(dimethylamino) ethyl methacrylate 
(DMAEMA, 98%,), CuBr and n-butyl methacrylate (BMA, 99%) were obtained 
from Sigma-Aldrich. CuBr was purified using the method of Keller and Wycoff.54 
Before use, BMA and DMAEMA were passed through a column of aluminium 
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oxide (98%, basic, Sigma-Aldrich) to remove radical polymerisation inhibitors. N-
(n-propyl)-2-pyridylmethanimine (PPMI, 95%) was prepared using the procedure 
reported by Haddleton and co-workers.55 
 
5.4.1.2 Synthesis  
 
Poly(n-butyl methacrylate)-b-poly(2-(dimethylamino)ethylmethacrylate) (pBMA-b-
pDMAEMA) was synthesised by atomic transfer radical polymerisation (ATRP) 
as follows. To synthesise the first block (pBMA), a Schlenk tube was charged with 
10 g toluene, 10 g BMA (70 mmol), 0.185g ethyl α-bromoisobutyrate (0.95 mmol) 
and 0.138 g CuBr (0.96 mmol). The tube was sealed and subjected to three freeze 
pump thaw cycles to de-aerate the sample then placed, stirring, into a 90 °C oil 
bath under a gaseous nitrogen atmosphere. After 15 minutes, 0.3 cm3 of PPMI 
ligand was injected into the tube to initiate the reaction (turning the solution dark 
brown). The reaction was left for 4 hours after which the contents of the tube were 
exposed to air and cooled rapidly in a water bath. 
 
Figure 5.10 | Molar mass distribution plot of the BMA block (black) and the di-
block copolymer (red). 
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5.4.1.3 Characterisation 
 
p(BMA)-b-p(DMAEMA) (Mn = 20000 g mol-1, PDI = 1.13) was obtained by the 
ATRP method described above. The molar mass distribution of the di-block 
Figure 5.11 | Top The two proton environments used to assess block ratio 
alongside their H1 NMR peaks Bottom The full H1 NMR spectrum of poly(n-butyl 
methacrylate)-block-poly(2-(dimethylamino) ethyl methacrylate). 1H NMR (400 
MHz, CDCl3, 298 K) δ = 0.07 (s, 2H); 0.80-1.1 (m, 9.2 H); 1.39 (m, 3H); 1.6 (m, 
3H); 1.8 – 2.0 (m, 3H); 2.3 (s, 3H); 2.6 (m, 1H); 3.9 (m, 2.5 H); 4.0 (m, 1H).   
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copolymer was determined using gel permeation chromatography (GPC) on the 
Agilent Varian 390-LC (refractive index detection, mixed E columns and 
chloroform mobile phase). Figure 5.10 shows the reported molecular weights. The 
first block, poly(n-butyl methacrylate) has a molecular weight of 13500 g mol-1 
(degree of polymerisation (DP) of 94) and a molar-mass dispersity of 1.10. The di-
block copolymer has a molecular weight of 20000 g mol-1 and a molar-mass 
dispersity of 1.13, therefore giving the second block a weight of 6500 g mol-1. The 
block ratio is compared to that reported by H1 NMR spectroscopy. Using the ratio 
of the integrals of the O-CH2- protons for the DMAEMA and BMA blocks, the 
DP of the DMAEMA block can be calculated based on that reported for the BMA 
block, see figure 5.11. A DMAEMA: BMA ratio of 1:2.53 gives a DP of 37 for the 
DMAEMA block (5800 g mol-1).  
 
CHN analysis (CE 440 Elemental Analyser with thermal conductivity detector - 
Warwick Analytical Services Ltd) confirms this block ratio; GPC/NMR reported 
a C, H and N weight percentage of 65, 10 and 3%, respectively, whilst CHN 
analysis reported 66, 10 and 3%. Differential scanning calorimetry (DSC 1 STARe 
Figure 5.12 | The DSC curve of p(BMA)-b-p(DMAEMA) showing the onset and 
maximum glass transition temperature. 
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system) reported a glass transition temperature of 20.67 – 24.60 °C (onset-mid), in 
agreement with that reported in literature (figure 5.12). Two heating cycles and one 
cooling cycle were carried out (-25 to 100°C) at a rate of 2 K min-1 with 25 minute 
isotherms. The nitrogen flow rate was 40 mL min-1.  
 
5.4.2 Microfluidic Device Construction and Capsule Formation 
 
5.4.2.1 Materials 
 
Standard wall borosilicate glass capillaries (GC100-10, OD 1.0 mm, ID 0.58 mm 
and GC200-7.5, OD 2.0 mm, ID 1.16 mm) were purchased from Harvard 
Apparatus. Clear Tygon tubing (0.8 mm ID) was purchased from Cole Parmer. 
Evo-Stik Two Part epoxy resin was applied to seal the capillaries where necessary. 
Solutions were introduced to the microfluidic device through the tubing attached 
to syringes driven by positive displacement syringe pumps (Harvard Apparatus, 
PHD 2000 series). Weller Dispensing Needles KDS3012P (GA 30, ID 0.15 mm) 
and KDS1812P (GA 18, ID 0.97 mm) were used to introduce the inner phase and 
outer/intermediate phases, respectively). 
 
5.4.2.2 Preparation of Capsules by Microfluidics 
 
A glass capillary with an inner and outer diameter of 1.16 mm and 2.0 mm, 
respectively, forms the outer casing of the device and contains the flow of the 
outer phase (see figure 5.13). For these studies, a 5 wt. % PVA aqueous solution 
is used to provide additional stabilisation during capsule formation. Within this, 
two capillaries with inner and outer diameters of 0.58 mm and 1.0 mm, 
respectively, were tapered with a laser puller to allow flow focusing of the middle 
organic phase (injection to 110 µm and collection to 120 µm). These tapered 
capillaries were aligned to create a flow-focused junction where double droplets 
are formed (see figure 5.14). A 5 mg cm-3 solution of p(BMA)94-b-p(DMAEMA)37 
in chloroform is used as a volatile intermediate phase. Upon evaporation of the 
chloroform, the amphiphilic copolymer self-assembles into capsules. In the case 
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of particle embedded capsules, an additional 6 mg cm-3 of manganese oxide 
particles is added to the intermediate phase and the solution ultra-sonicated to 
disperse the particles. The inner phase, a 0.2 mol dm-3 sodium fluoride, 0.2 mol 
dm-3 sodium sulphate or 0.003 mol dm-3 congo red solution, is introduced at the 
junction via a 0.15 mm ID dispensing needle. Optimum flow rates for capsule 
synthesis were 0.15 mL min-1 for the outer phase, 0.005 mL min-1 for the middle 
phase and 0.005 mL min-1 for the inner phase. Once formed by the device, capsules 
were collected in outer phase solution. The average inner and outer diameter of 
double emulsion droplets was 311 and 328 µm, respectively. 20 minutes of sample 
collection corresponds to a total of ca. 6000 capsules. The total surface area of this 
sample is 1.93 x 10-3 m2 and the theoretical capsule wall thickness is 242 nm. 
Optical images of the produced objects were obtained by a Leica DM 2500M 
optical microscope and accompanying Nikon D5100 camera. Electron microscopy 
images were obtained on a Zeiss Supra 55VP electron microscope with an attached 
cryo-SEM unit. Cryo-SEM images show a wall thickness of 100-200 nm with 
Figure 5.13 | The assembly of a microfluidic device, from left to right, a-d (a) 
creation of outer phase channel (b) insertion of the flow focused collection 
capillary (c) insertion of the flow focused middle phase capillary (d) insertion of 
the inner phase needle through the middle phase feed tube.  
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manganese dioxide particles (ca. 1-2 µm) embedded in approximately a third of the 
capsule surface. Distribution of manganese dioxide particles is not uniform across 
all capsules due to a non-homogenous distribution of particles in the initial 
intermediate phase solution and the higher density of particles with respect to the 
solvent phase (causing movement during chloroform evaporation). Based on a 
theoretical unilamellar wall thickness of 22.4 nm (a bilayer formed from fully 
extended chains overlapping in their hydrophobic region), it is clear that a 
unilamellar structure is not formed. The capsule wall may be multilamellar or less 
ordered. 
Figure 5.14 | Left A microfluidic device for the formation of monodisperse 
double droplets. An inner aqueous, middle organic and outer aqueous phase meet 
at a flow focused junction to form water- in – oil – in – water double droplets. 
Right The device is driven by three syringe pumps loaded with syringes and the 
outer phase is instated first. After wetting the capillary walls, the middle phase is 
switched on to generate single emulsion droplets. Finally, the inner phase is 
introduced to generate double-emulsion droplets. 
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5.4.3 Release Measurements 
 
5.4.3.1 Triggered release of sodium sulfate from capsules: visual release 
studies 
 
A sample of sodium sulfate encapsulated capsules was added to a reservoir 
containing 1 cm3 of 0.1 mol dm-3 barium chloride solution. The sample was placed 
under the Leica DM 2500M optical microscope and capsule rupture was observed 
following the addition of 0.1 cm3 of 30 wt. % hydrogen peroxide solution; upon 
catalytic reaction of the embedded manganese oxide particles with peroxide in the 
continuous phase, oxygen bubbles start to form rapidly. These oxygen bubbles 
disrupted the membrane sufficiently enough to cause capsule collapse, as 
demonstrated by the video that accompanies paper DOI: 10.1039/C5MH00093A. 
Upon capsule rupture, a white crystal precipitate of barium sulfate is formed 
following the reaction of sodium sulfate and barium chloride. 
 
5.4.3.2 Triggered release of sodium fluoride from capsules: quantitative 
release studies  
 
Samples of capsules loaded with sodium fluoride solution (at a fluoride ion 
concentration of 3800 ppm) were prepared following the procedure outlined in 
section 5.4.2.2. A sample of capsules collected after 20 minutes of microfluidic 
device output (a total inner volume of 0.1 cm3) was collected into 3 cm3 of outer 
phase solution. During collection and the first hour of each experiment, capsules 
were agitated in solution to prevent destabilization caused by prolonged contact 
with each other during the chloroform evaporation stage. This was achieved by 
circulating the outer phase solution at the location of the capsules. Agitation was 
continued throughout the experiment. To prevent an imbalance of osmotic 
pressure across the capsule wall, sodium chloride is added to the outer phase at a 
chloride ion concentration of 3800 ppm. Changes in the fluoride ISE response in 
the outer phase solution were measured over a period of 900 minutes; following a 
calibration of the ISE with fluoride ion standards, the fluoride ion concentration 
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in the outer phase is calculated. After this time, the sample is sonicated and the 
capsules ruptured, allowing for a 100 % release value to be calculated. This 
procedure was followed for capsules with and without manganese oxide particles 
in their walls in the absence of a hydrogen peroxide trigger. Capsules with 
manganese oxide particles in their walls were then treated with hydrogen peroxide 
triggers. 3.0 cm3 of 30 wt. % hydrogen peroxide was added to a sample of capsules 
at 50 minutes resulting in rapid capsule rupture and 100 % release after 64 minutes. 
Temporary increases in fluoride ion release were triggered by 0.2 cm3 additions of 
3 wt. % hydrogen peroxide at 150, 250 and 340 minutes. Capsules were monitored 
for changes in size after triggered release. 3 hours after the addition of a 0.3 wt. % 
hydrogen peroxide trigger, the capsule wall thickness appeared to have increased 
by ca. 4µm. After two more identical triggers and 24 hours, the capsules’ shape and 
size varied (see figure 5.15), likely due to oxygen bubbles trapped at the capsule 
surface.  
 
5.4.3.3 Triggered release of congo red dye from capsules: quantitative 
release studies 
 
Samples of particle-embedded capsules loaded congo red solution were prepared 
following the procedure outlined in section 5.4.2.2. A sample of capsules collected 
after 20 minutes of microfluidic device output (a total inner volume of 0.1 cm3) 
was collected into 3 cm3 of PVA outer phase solution. Capsules were agitated as 
Figure 5.15 | Left: Congo red loaded capsules embedded with manganese oxide 
particles before three 3 wt. % hydrogen peroxide triggers; Right: capsules 24 hours 
after. 
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before. Over a period of ca. 1300 minutes, 1 cm3 aliquots of the outer phase were 
removed from the sample and their UV-Vis spectra measured over the wavelength 
range of 200-850 nm. After each measurement, the aliquots were returned to the 
sample. For each sampling point, the concentration of congo red dye was 
calculated. Given the known molar extinction coefficient of 2500 L mol-1 cm-1 and 
path length of 1 cm, the Beer-Lambert law was used to plot a calibration curve by 
taking the absorbance value of the wavelength maximum, 505 nm, of congo red. 
From this plot and the absorbance values of each sampling point, congo red 
concentration is calculated. Percentage of dye release is calculated by comparison 
of concentration at a given time and after total release (based on initial capsule 
loading). 
 
5.4.4 Quantification of manganese by Inductively Coupled Plasma – 
Optical Emission Spectroscopy (ICP-OES) detection  
 
Samples of capsules monitored in the release studies have a total manganese 
concentration of 69358 ppb after the addition of three 0.2 cm3 3 wt. % hydrogen 
peroxide triggers. This value is taken as the expected outer phase manganese 
concentration if 100 % of particles became dissociated with the membrane on 
application of the trigger (assuming particles only fell into the outer phase, not the 
inner phase). After the application of the triggers to the sample, elemental 
manganese content in the outer phase was determined by ICP-OES. This 
technique has a lower limit of detection of 25 ppb; a required solid content of < 
0.1 % for analysis made a sample dilution necessary, increasing the limit of 
detection to 1250 ppb. Results indicated that the concentration of manganese in 
the outer phase was indistinguishable from that of the manganese-free blanks. The 
loss of manganese (IV) oxide to the outer phase from the capsules was therefore 
≤ 1.8 %, with respect to the manganese (IV) oxide particles embedded in the 
capsule walls. 
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5.4.5 Confocal Microscopy 
 
Congo Red loaded polymer capsules were observed with a confocal laser scanning 
microscope (Leica TCS SP5, Leica Microsystems). Figure 5.9 (512 x 512 pixels, 8-
bit pixel depth, 4.0x digital zoom, 32 line average) was acquired on a Leica 
DMI6000 microscope using a HC PL FLUOTAR 10.0x 0.30 dry objective lens, at 
a scan speed of 8000 Hz. Congo red was visualised using an argon laser (λ = 504 
nm, 30 % intensity) with a spectral detection window of 560 – 671 nm. Data was 
collected and analysed using the Leica LAS-AF8 confocal acquisition software. 
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6 Functions and applications of particle -
vesicle composites 
 
6.1 Introduction 
 
Vesicles, microscopic sacs that enclose finite volumes of aqueous liquids by thin 
membranes, have existed since the very first protocells, these being self-assembled 
lipid-based structures that are considered to be the stepping stone to the origin of 
life and the predecessor to modern cells.1–4 
 
In nature, the membranes of vesicles and cells are composed of phospholipid 
amphiphiles. These amphiphiles contain both a hydrophilic and hydrophobic 
domain which allows them be assembled into bilayer-type spherical structures.5 
Figure 6.1 | The various routes towards particle-vesicle composite structures. 
Particles can be included in the vesicle synthesis to generate vesicles containing 
particles in their walls, on their surfaces or inside of their lumens (the vesicle core). 
Alternatively, particles can be added to pre-formed vesicles to generate the same 
three structures.  
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Their membranes are composed of an inner hydrophobic region surrounded by 
outer hydrophilic domains that face the inner and outer aqueous environments in 
which the vesicle can be found.6    
 
Vesicles can also be formed artificially by the spontaneous assembly of amphiphilic 
building blocks under appropriate solvent conditions, given that the ratio between 
the hydrophilic and hydrophobic domains is appropriate.7–9 These building blocks 
can be either natural or synthetic, namely lipids or di-block copolymers, and their 
corresponding structures are known as liposomes or polymersomes, respectively.  
 
Many reviews consider the development and importance of liposomes and 
polymersomes, and the reader is referred to these sources for further 
information.6,10–13  Instead of solely focusing on vesicles, this review will take a 
look at a range of functions that particles have brought to vesicles, considering the 
interactions between the two building blocks and how new behaviours can be 
derived from the pairing of particles and vesicles (the possibilities of which are 
summarised in figure 6.1). 
 
Particles, here defined as localised objects smaller than the vesicle with which they 
are associated, find use in a wide range of applications, such as catalysis,14,15 drug 
delivery,16,17 pigments,18 nanoswimmers19,20 and rheology modifiers.21 Particles can 
be immobilised within a passive support such as a vesicle, whether that be as part 
of their walls, on their surface or inside the vesicle core, to deliver new hybrid 
behaviours that neither the particle or vesicle possess alone. 
 
At over 100 publications to date, particles and vesicles have been combined in a 
plethora of ways, tackling a wide range of chemical, biological and physical 
problems. This review will assess the importance and novelty of a number of 
examples with a selection of different applications.  
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6.2 The beginnings of composite vesicles: functional liposomes 
 
Artificial liposomes were first synthesised in 1963 by Bangham,22 but the first 
mention of combining particles with vesicles was not reported until 1978 by 
Williams et al.23 In this work, cobalt sulfide particles are grown inside of 
phosphatidylcholine vesicles 25 nm in diameter and used as inorganic probes to 
track vesicles. The following year,24 similar experiments demonstrated the 
inclusion of magnetite (Fe3O4) into these vesicles, however these particles are 
grown prior to vesicle formation. Due to the limitations of microscopy technology, 
the precise location of magnetite particles is unknown, however this experiment is 
the first example of particles being included in a vesicle synthesis. Even as early as 
1979, the authors recognised the potential use of these vesicles as magnetic drug 
carriers. In 1983, Margolis et al. demonstrated the association of ferromagnetic 
ferrite particles (50 nm in diameter) with liposomes bearing anti-fibronectin 
antibodies capable of binding to mouse embryo fibroblasts.25 Upon binding the so 
called magnetoliposomes, the cells could be sorted using a magnetic field. This study 
demonstrates how combining the behaviour of a biologically interfacing vesicle 
with that of functional nanoparticles can generate new materials.   
 
In the same year, Hong et al. showed that gold nanoparticles could be associated 
with liposomes, this time internalised.26 These 15 nm gold particles were used as a 
histological marker to track the uptake and endocytosis of liposomes into cells, 
useful in electron microscopy due to their high electron density, size and shape 
uniformity. Colloidal iron (1-5 nm particles) was later used by Mezei et al. for the 
same reasons to monitor liposome-cell interactions.27 
 
These early studies focused on combining the capabilities of particles and vesicles 
to tackle specific, biological problems. Though several authors published similar 
studies around this period,28–30 such as the growth of silver oxide crystals in 
vesicles31 or the growth of cadmium sulfide particles in and on vesicles,32,33 their 
characterisation of composite vesicles was still limited.   
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With the advent of vesicles formed from synthetic block-copolymers in 1995 by 
Eisenberg et al.,34 coined polymersomes in 1999,10 came more robust synthetic vesicles 
capable of more severe modifications to their structures.6 This, along with 
advancements in electron microscopy (higher resolution and cryogenic techniques, 
for example) resulted in a number of composite vesicles with a range of new 
functions and behaviours that could be properly characterised.  
 
In this review, we focus on four ways that particles are able to change the 
behaviour of lipid or polymer vesicles, namely: the stabilisation of vesicles by 
particles, shape changes in vesicles, the moderation of membrane permeability and 
taxis of vesicles using particles.  
 
6.3 Stabilisation of vesicles by particles 
 
As vesicles are composed of fluid bilayers, they can be unstable and often have a 
tendency to flocculate and fuse with one another.35,36 Traditionally, vesicles can be 
stabilised by incorporating polyethylene glycol modified lipids into their 
membranes,37–39 or by adsorbing polyelectrolytes onto their surfaces,40,41 to 
provide steric stabilisation. Particles can also adsorb to and decorate vesicle 
surfaces,42–47 providing stabilisation in the form of repulsive electrostatic 
interactions between the vesicle and nanoparticles in some cases. These particles 
can be polymer latexes,48–50 silica,51,52 gold53 and even hydrogels particles.54 As 
always, nature has led the way. For example, bacteria can coat themselves with S-
layer proteins,55 and coccolithophorids (a eukaryotic phytoplankton) have a 
CaCO3-based nano-patterned colloidal armour.56 
 
Back in 1999, Weitz et al. demonstrated that arrays of negatively microspheres 
could be assembled onto the outside of positively charged mixed bilayer vesicles, 
thus forming two-dimensional crystals in adhesive zones of the vesicle only.57,58  
 
Zhang et al. later showed that if carboxyl modified gold nanoparticles are adsorbed 
to the outer surface of phospholipid liposomes they can control their fusion 
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activity.53 As shown in figure 6.2, at neutral pH, gold nanoparticles, ca. 4 nm 
diameter, are bound to the surface of 1,2-di-(9Z-octadecenoyl)-3-
trimethylammonium propane (DOTAP) vesicles. Liposomes are stabilised whilst 
the pH is above the pKa of the gold’s surface carboxylic acid groups (Au-COO-), 
but below it (pKa ≈ 5), the nanoparticles are protonated (Au-COOH), causing them 
to detach from the liposome. The subsequent destabilisation of liposomes causes 
them to fuse with one another. The concept of acid-responsive vesicles could be 
of use in transdermal drug delivery, as human skin is acidic, especially when 
infected.59 One can imagine vesicles that are triggered to fuse and release their 
contents when in contact with such an acidic surface, delivering medicinal or 
therapeutic payloads.  
 
Here in the BonLab, we demonstrated the assembly of polymeric and silica spheres 
onto the assembly of poly(n-butyl methacrylate)-b-(2-(dimethylamino) ethyl 
methacrylate) vesicles, to produce armours that we observe with cryogenic 
scanning electron microscopy.42    
Figure 6.2 | Schematic illustrations of a carboxyl-modified gold nanoparticle 
(AuC)-stabilised liposome and its destabilisation at acidic pH. The liposome is 
stabilised by deprotonated gold particles (Au-COO-) at neutral pH. When the pH 
drops below the pKa value of the carboxylic group (pKa = ca. 5), Au-COO- 
nanoparticles are protonated to form Au-COOH, which subsequently detach from 
the liposome, resulting in the formation of a bare liposome with fusion activity 
resuming. Reproduced with permission from Zhang et al.53   
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A further notable example includes that by Gradzielski et al., who showed that 100 
nm zwitterionic dipalmitoylphosphatidylcholine (DPPC) lipid vesicles below their 
glass transition temperature (i.e. in a soft/liquid state) can be effectively stabilised 
by negatively charged silica nanoparticles. This study is particularly interesting 
because particle concentration appears to play a key role in determining vesicle 
stability.52  Small amounts of surface-adsorbed silica nanoparticles, in this case 
Ludox® HS 40 ca. 16 nm in diameter, initially leads to enhanced flocculation, 
whilst higher concentrations make the vesicles more negatively charged and stable 
for a longer period of time. This stability is shown to be optimum at neutral pH 
and at a low ionic strength. The reason why a low particle concentration induces 
flocculation is somewhat unclear, however the authors speculate that at low 
concentrations, particles bridge between vesicles, causing them to be brought into 
close contact whilst still in an unstable state.      
 
Interestingly, local membrane bending is observed where nanoparticles adsorb. As 
silica particles are adhered to the vesicle membrane below the phase transition 
Figure 6.3 | Fluorescence confocal micrographs of giant lipid vesicles decorated 
with thermoresponsive PNIPAM microgels at 20 °C (left) and above the PNIPAM 
volume phase temperature transition at 40 °C (right). Reproduced with permission 
from Nylander et al.54  
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temperature of DPPC, indents are made and appear to be retained in the cooling 
process.  
 
A beautiful example of an entirely soft composite system comes from Nylander et 
al., who show that 1,2-dioleoylsn-glycero-3-phosphocholine (DOPC) vesicles can 
be stabilised by thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) 
particles, as shown in figure 6.3.54 Responsive polymers that undergo volume 
phase transitions can be particularly useful as building blocks for self-
assemblies,60,61 as they can adapt their conformation and interactions to their 
environments.62–67 Just like their solid-core counterparts, cross-linked polymer 
particles can act as Pickering stabilisers at interfaces,68,69 and PNIPAM particles 
are no exception. As these microgel particles exhibit a reversible volume phase 
transition in water around 32 °C, their stabilising efficiency can be controlled as a 
function of temperature. Below their phase transition the particles stabilise DOPC 
vesicles, as they behave as soft particles with a ‘fuzzy’ surface. They adsorb on the 
vesicle surface forming densely packed 2D hexagonal arrays across the surface. 
Above the phase transition temperature, the particles contract into hard spheres, 
altering the vesicle membrane-microgel interactions and causing microgels to 
instead rearrange into domains at the vesicle interface (similar to the 
aforementioned two-dimensional crystal formed on vesicles surfaces by Weitz et 
al.). The authors propose that this is because the microgel particles become smaller, 
harder, and more hydrophobic, thus creating depletion zones. This demonstrates 
that the softness and deformability of the particles is crucial for interactions 
between the particles and the membrane. Again, stabilisation by particles prevents 
fusion of the vesicles and offers a trigger that could be used in the delivery of active 
agents by means of a temperature change that induces vesicle rupture. 
 
6.4 Shape changes in vesicles 
 
In these examples of vesicle stabilisation by particles, we have neglected to 
consider the physical relationship between a hard sphere and a soft elastic 
membrane.70 When a particle interacts with a vesicle membrane, whether that be 
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on the inner or outer surface, it can deform the vesicle to induce a range of 
interesting shape changes. Both local deformation of the membrane by a particle 
and the impact on vesicle shape by particles collectively have been studied 
experimentally52,71–74 and theoretically.75–80  
 
Lecommandoux et al. directly observed incorporation of particles in the vesicle 
membrane,81–83 when magnetite nanoparticles (7.6 nm in diameter) were loaded 
into the walls of amphiphilic poly-butadiene-block-poly(glutamic acid) di-block 
copolymer vesicles, either 208 or 624 nm in diameter. The application of a 
magnetic field allows the shape of the vesicle to be modified, even at relatively low 
magnetic field intensities (B = 290 G), as shown in figure 6.4. 
 
Instead of embedding particles into the membrane walls, they can be loaded into 
the lumen (interior) of the vesicle in order to manipulate its structure, as 
demonstrated by Orwar et al.84 As figure 6.5 shows, 20 nm CdSe/CdTe (core/shell) 
nanocrystals can induce tubulation of flat giant unilamellar vesicles (FGUVs) 
formed from the spreading of ca. 20 µm multilamellar soybean lipid vesicles. By 
encapsulating these particles inside of the vesicle and introducing low 
concentrations of calcium ions (1-4 mmol dm-3), transient tubes several hundred 
micrometres in length were formed, analogous to biological nanotubes that fulfil 
Figure 6.4 | Deformation of the hollow magnetic shells of vesicles proven by the 
anisotropy of the 2D small-angle neutron scattering (SANS) patterns under a 
horizontal magnetic field of intensity B = 0 G (left), B = 540 G (middle) and B = 
1050 G (right). Reproduced with permission from Lecommandoux et al.81    
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important functions within cells (such as signalling and transport).  The authors 
theorised that these tubes form because of a mismatch between the inner and the 
outer monolayers of the upper FGUV bilayer, resulting in spontaneous curvature 
changes.  
Figure 6.5 | Spreading and transient tubulation in flat giant unilamellar vesicles 
(FGUVs) in 2 mM Ca2+ containing buffer solution. (A–C) Fluorescence 
micrograph time series of a FGUV which does not contain nanoparticles and 
spreads circularly on SiO2. Scale bar: 20 µm. (D) Schematic drawing of the profile 
of the FGUV in (A–C) spreading out the lipid material from the multilamellar 
vesicles (MLV) onto the solid support. Arrows indicate the motion of the rolling 
bilayer. (E) Fluorescence micrograph of the spreading edge of a nanoparticle 
encapsulating FGUV, which is displaying transient tubulation while circularly 
spreading on SiO2. (F) Fluorescence micrograph of the FGUV at 800 s, when the 
tubes had retracted into the FGUV. The remaining tubes in (F) became 
immobilised onto the surface. The green arrow in (F) shows the immobilised end 
of one tube. Scale bar: 40 mm. (G, H) False coloured black and white images of 
(E,F). (I) Schematic drawing showing the profile of the FGUV in (E–H). Structures 
in the tubes represent the nanoparticles (20 nm in diameter). Arrow indicates the 
motion of the rolling bilayer. Reproduced with permission from Orwar et al.84 
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In contrast, Imai et al. confined charged colloidal particles into non-spherical 
vesicles at much higher volume fractions (≈ 0.5), transforming them into multi-
bead vesicles upon an osmotic pressure difference, as shown in figure 6.6.85 As the 
vesicle volume is reduced due to loss of water, preservation of surface area results 
in an increase in excess area. This excess area leads to non-spherical shapes such 
as tubes, discocytes or stomatocytes. Packing of particles inside the vesicles 
transforms them into multi-bead vesicles, in order to obtain the largest free volume 
for the encapsulated colloids. In considering the shape deformation pathways of 
these vesicles, the authors theorise that the repulsive interaction between colloids 
might induce the observed transitions. 
 
Figure 6.6 | Shape deformation pathways of giant vesicles encapsulating dense 
colloids upon the application of an osmotic pressure difference, in the case of (d) 
medium and (e) long tubes. Reproduced with permission from Imai et al.85 
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Angelani et al. theorised that filling vesicles with active particles can also lead to 
interesting behaviours, as shown in figure 6.7.86 In their computational study, 
swimming particles accumulate leading to pinched spots of high density, curvature 
and pressure. Local fluctuations of particle density produce a local pressure 
increase that induces a larger curvature on the flexible membrane. Since active 
particles tend to accumulate at concave boundaries, this local curvature increase 
drives further accumulation of swimmers, which in turn raises the local pressure. 
When vesicle packing is sufficiently high, however, the particles cover the inner 
membrane uniformly, leading to more consistent pressure and curvature. 
 
Figure 6.7 | Shape fluctuations of a vesicle where the bounding membrane is 
composed of Nb = 100 beads, and the vesicle contains active swimmers Left panel: 
snapshots of vesicle shapes explored by the active vesicle for low packing fraction 
of elongated swimmers (φ = 0.16). Right panel: the vesicle becomes more 
symmetric as the number of active particles increases, φ is 0.16 (a), 0.31 (b), 0.51 
(c) and 0.76 (d). Reproduced with permission from Angelani et al.86 
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Conversely, particles sitting on the surface of vesicles can also induce radical shape 
changes, as shown in figure 6.8. Safinya et al. showed that particles can induce 
pinched shape deformations of the membrane of a vesicle, and, if a number are 
decorating a fluid membrane, can interact with one another.87 Giant unilamellar 1-
palmytoyl-2-oleoyl phosphocholine and dimiristoyl phosphocholine liposomes (ca. 
10 µm in diameter) were decorated with protein grafted latex beads (0.9 µm in 
diameter). Vesicles with single beads attached clearly show induced contours 
around the bound bead, and interestingly, particles appear to be driven to negative 
curvature regions on non-spherical vesicles, the most energetically favoured 
conformation. When two beads are attached to spherical vesicles, there is no 
preferential location and the beads approach each other if lipid mobility is 
Figure 6.8 | Top: (b) Schematic of a pinched, hat-like membrane deformation 
around a bead, observed practically with a single bead on a vesicle in (e). Bottom: 
(a) Phase separation of many beads into a condensed hexagonal packed cluster. 
The cluster is located at the concave dip of a stomatocyte shaped liposome. (b) 
Beads clustered in a ring form around the waist of a dumbbell shaped 
multilamellar vesicle. Reproduced with permission from Safinya et al.87  
   
	 97 
preserved (i.e. above the lipid chain melting temperature). Critically, the beads do 
not aggregate freely in solution, thus their approach is not mediated by colloidal 
interactions alone. This collective particle behaviour can even generate ring shaped 
strings of beads around the waist of a dumbbell shaped vesicle, notable as the 
precursor to the budding and fission of membranes. 
 
Sticking with the interaction of multiple beads on a vesicle surface, Cacciuto and 
Šarić computed a phase diagram for the different aggregates formed by 
nanoparticles adsorbing onto a lipid bilayer as a function of surface bending rigidity 
and nanoparticles adhesive energy, as shown in figure 6.9.88 Over a wide range of 
bending rigidities (≈ 10 – 100 kBT), nanoparticles can organize into linear 
aggregates, providing that the binding energy is sufficiently large. Similar to the 
experimental observations of Safinya et al., particles can pinch around the 
circumference of a vesicle, this time into longer chains.  
 
Figure 6.9 | Left panel: Phase diagram of particle self-assembly on a fluid surface 
in terms of the surface bending rigidity kb and particle binding energy D0. Middle 
panel: The snapshots show typical aggregates in the H1, L, and H2 phases in a top-
to-bottom order and the deformation pattern they leave on the membrane. The 
membrane area is A ≈ (40 x 40)σ2, the nanoparticle size σnp = 4σ, and their surface 
fraction ρ = 0.27. Right panel: Snapshots of the linear aggregates on the spherical 
membrane. Reproduced with permission from Cacciuto and Šarić.88 
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Finally, vesicles can engulf particles that adhere to their surfaces in a similar fashion 
to the cellular uptake termed endocytosis. During endocytosis, molecules adhered to 
the membrane, the bilayer invaginates and the target is completely wrapped in a 
newly formed vesicle.89 
 
Several studies consider this process both theoretically and experimentally,90–99 but 
we will focus on two noteworthy examples. The first from Kroeger et al. presents 
experimental evidence of the internalisation of particles by poly(dimethylsiloxane)-
block-poly(2-methyloxazoline) vesicles, 110 nm in diameter.94 Using photon- and 
fluorescence-correlation spectroscopy, the authors show species selective uptake 
dependent on particle size and concentration. A threshold concentration for 
particle uptake is shown, explained by the surface area ratio between 
polymersomes and particles necessary for successful particle adhesion to the 
membrane. Unsurprisingly, a higher concentration of nanoparticles leads to 
internalisation of more particles. Furthermore, size selectivity is seen. Loading 
incorporation rates decreases as the nanoparticle radius increases from 15, to 36 
to 57 nm, but interestingly, cryo-TEM reveals that particles are engulfed via 
different mechanisms depending on their size. Smaller particles are engulfed as 
clusters instead of single wrapped particles, as in the case for the larger 
nanoparticles. 
 
The phenomena of particle endocytosis by vesicles was also approached from a 
theoretical standpoint by Gao and Yi, where they consider the effects of particle 
size and elasticity on particle incorporation.100 In this study, elastic particles of 
different sizes and rigidities are incorporated into a lipid vesicle of fixed surface 
area, whilst the size of the particle determines the mode of particle uptake. The 
incorporation of small particles leads to continuous vesicle volume evolution, as 
the vesicle undergoes a smooth shape transformation. Conversely, vesicles 
wrapping a large particle undergo a discontinuous shape transition from concave 
shallow bowl-shaped stomatocytes into almost closed cups. Furthermore, softer 
particles are more prone to partial wrapping but require stronger adhesion energy 
to be fully engulfed. By taking into consideration adhesion energy, size, and rigidity 
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ratios between particles and vesicles, as well as the spontaneous curvature of the 
vesicle, the authors construct wrapping phase diagrams containing all wrapping 
states. 
 
6.5 Moderating membrane permeability  
 
Vesicle membranes are self-assembled bilayers of amphiphiles, and as such have a 
characteristic fluidity (as the term fluid mosaic model devised in 1972, describing a cell 
membrane, suggests).101 This fluidity allows for ions and small molecules to pass 
Figure 6.10 | Left: Dark microscopy sequence of video stills of a water-based 
(containing barium cations) dispersion of capsules with membrane embedded 
manganese oxide particles and loaded with sodium sulfate, after the addition of a 
large aliquot of hydrogen peroxide. The stills show the formation of oxygen 
bubbles, leading to deformation and rupture of the capsule membranes hereby 
releasing the sulfate ion content, as visualised by the formation of a stream of in-
situ formed barium sulfate particles (a white haze). Scale bar: 150 µm. Right: 
Fluoride ion release profiles of water-based dispersions of ca. 6000 MnO2 particle 
embedded capsules containing 0.2 mol dm-3 sodium fluoride (6 cm3 of water outer 
phase, 0.1 cm3 of inner aqueous phase) with (a) 3.0 cm3 of 30 wt. % H2O2 added 
at 50 min (blue, dashed vertical line indicates time of hydrogen peroxide addition), 
(b) aliquots of 0.2 cm3 of 3 wt. % H2O2 added at 150, 250 and 340 min (red, solid 
vertical lines indicate time of hydrogen peroxide addition), and (c) no H2O2 
stimulus (black).  
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through the membrane and makes vesicles inherently leaky, thus an increase in 
membrane fluidity results in an increase in membrane permeability. 
 
Here in the BonLab, we recently showed that embedding manganese oxide (MnO2, 
ca. 3 µm) nanoparticles into the walls of giant polymer capsules allows for the 
regulation of membrane permeability by the introduction of a chemical trigger (see 
figure 6.10).102 MnO2 embedded poly(butyl methacrylate)-block-poly(2-
(dimethylamino) ethyl methacrylate) capsules, approximately 300 µm in diameter, 
were synthesised using flow-focused microfluidics. Upon exposure to low 
concentrations of hydrogen peroxide, an enhancement in the rate of release of 
capsule contents is observed, whereas a high concentration causes capsule rupture 
and complete release. We hypothesise that the increase in release is due to an 
increase in capsule permeability caused by the catalytic activity of the particles, 
likely the generation of oxygen bubbles. This work is an example of chemically 
regulated membrane permeability and offers an alternative to the more traditional 
methods of regulation, such as membrane proteins or the other external triggers 
previously discussed.12 
 
Heating gold nanoparticles has also been shown to be an effective way to increase 
membrane fluidity.103 200-500 nm diameter DPPC and 
distearoylphosphatidylcholine (90:10) liposomes were loaded with 1.4 nm diameter 
gold nanoparticles and exposed to 250 nm UV light. Irradiation causes local 
heating of the particles so they act as localised heat sources, absorbing UV 
radiation and transferring heat to the membrane. The authors hypothesise that the 
permeability of the bilayer is increased by the separation of gel and fluid phases, 
allowing the encapsulated dye calcein to escape. Interestingly, triggered release of 
the dye was observed when gold particles are on the outer and inner membrane, 
as well as when part of the membrane itself.  
 
Amphiphiles can be assembled into giant unilamellar vesicles (GUVs) and 
multilamellar vesicles with diameters of 1 – 500 µm using microfluidic 
templating,104 to generate a wide range of fascinating structures.105 For example, 
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Nie et al. formed gold nanorod embedded poly(ethylene oxide)-block-polystyrene 
(PEO-b-PS) vesicles (1.28 µm in diameter) from the microfluidic-assisted assembly 
of PEO-b-PS-tethered gold nanorods (40 nm by 10 nm), as shown in figure 6.11.106 
Upon irradiation with near infrared light (700 to 1000 nm), these vesicles can be 
burst to deliver a payload due to intense localised heating. Laser exposure causes 
the rods to deform into spherical nanoparticles due to photo thermally induced 
melting, and this shape deformation is theorised to create extra spacing between 
particles for the release of encapsulated molecules.  
 
Remarkably, nanoparticles need not be embedded in the membrane itself, but can 
impact fluidity by simply being in close proximity to the vesicle.107–114 Zasadzinski 
et al. showed that DPPC vesicles either loaded with, covered in, or found near 
hollow gold nanoshells (HGNs) could be irradiated with near infrared radiation to 
Figure 6.11 | (a) Near infrared triggered release using giant vesicles. The photo 
thermally induced shape deformation of gold nanorods into spherical 
nanoparticles creates extra spacing between particles for the release of 
encapsulated molecules. (b) SEM images of giant vesicles before and after 
exposure to the laser, showing the shape deformation. Scale bars are 200 nm. (d) 
The release profiles rhodamin B giant vesicles with laser on () and laser off (£). 
Reproduced with permission from Nie et al.106 
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achieve near instantaneous release of liposome contents.109 The laser-heated 
HGNs act as nanosonicators to temporally disrupt the lipid membrane, but are 
most effective when tethered to the vesicle surface. The membrane permeabilising 
power of a gold particle as a function of its distance from the vesicle was further 
investigated by Oddershede et al., demonstrating the concept of ‘controlled 
leakage’ mediated by particle distance, as shown in figure 6.12.110 
 
Figure 6.12 | Controlled leakage of a GUV upon approach of an optically trapped 
gold nanoparticle. (a) Confocal images of a GUV surface (red), its cargo (green), 
and an optically trapped gold nanoparticle (bright white spot) as the trapped 
nanoparticle approaches the GUV. (b) Zoom in on the membrane in the boxes of 
(a). (c) Intensity of the fluorophores in the boxed regions of (a) as a function of 
travelled distance, the alexa hydrazide signal (AH) is normalized by its initial value, 
the intensity of texas red is normalized by the initial AH value. The GUV becomes 
leaky around t = 26 s. Reproduced with permission from Oddershede et al.110  
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Alternating magnetic fields (AMF) have also been shown to trigger release from 
vesicles containing iron oxide nanoparticles in their walls.115 When AMF pulses 
were applied to PEGylated 2-distearoyl-sn-glycero-3-phosphocholine vesicles 
containing 5 nm diameter iron oxide particles in their walls, release rates of the 
membrane impermeable dye calcein increased. Critically, hyphenating 1 minute 
AMF pulses with 1 minute equilibrium periods resulted in a more constant release 
rate than in the case of longer pulsing cycles. It is not just the magnetic 
susceptibility of iron oxide that makes it a useful tool in membrane 
functionalisation. Exposure to radio frequencies (RF) causes nanoparticle heating 
and can lead to increased membrane permeability, as shown by Bothun et al. in 
figure 6.13.116 100 nm diameter DPPC vesicles containing 5 nm diameter oleic acid 
stabilised maghemite particles in their walls (confirmed by cryo-TEM) were loaded 
with solutions of the fluorescent dye carboxyfluorescein (CF). Dye leakage from 
the vesicles was significantly increased upon exposure to radio frequency (RF) 
Figure 6.13 | Carboxyfluorescein (CF) leakage from bilayer-decorated magnetic 
liposomes (dMLs). (A) Percent CF leakage with (red) and without (black) 
radiofrequency heating at 250 A and 281 kHz for (1) DPPC and dMLs formed at 
lipid molecule to nanoparticle (L/N) ratios of (2) 25000:1, (3) 10000:1, and (4) 
5000:1. The inset schematics (not to scale) in (A) depict dML heating with or 
without radiofrequency heating. Cryo-TEM images are shown at 10 mM lipid for 
(B) DPPC liposomes and (C) dMLs formed at a L/N ratio of 10000:1 (200 nm 
scale bars). Reproduced with permission from Bothun et al.116 
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heating at optimum lipid molecule to nanoparticle ratios (5000:1, in this study), 
justified by a trade-off between structural changes and aggregation that impacts 
local heating and membrane permeability. The authors rightly consider that the 
inclusion of particles into membranes is, by design, disruptive to the membrane 
and can have a negative impact on vesicle stability. As many authors make clear, a 
balance between structural integrity and particle functionality must be sought, 
especially when attempting to moderate membrane permeability.117–119 
 
These examples show that colloidal metal nanoparticles, specifically iron oxide, 
gold and silver, can act as effective heat transducers that directly impact the 
structural integrity of a vesicle membrane. In comparison to bulk heating, these 
composite systems provide the added benefit of precise spatial and temporal 
control. In fact, particles can still change membrane permeability without heating. 
Oh et al. showed that by simply including silver and gold nanoparticles in the walls, 
DPPC vesicle permeability could be increased.120,121 By monitoring the movement 
of dye molecules in the membrane using fluorescent anisotropy spectroscopy, 
membrane fluidity is measured and showed to be higher for vesicles containing 
nanoparticles. 
 
6.6 Taxis of vesicles using particles 
 
Several of the examples discussed so far have used the release of vesicle contents 
as a probe for change in membrane structure. There are, however, composite 
vesicles that have been designed with triggered release as their primary function, 
capable of some rather unique behaviours.102,122–131  
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Extracellular vesicles form naturally during biological functions for purposes such 
as storage, transport, and communication,132 therefore it is not surprising that 
synthetic vesicles have been designed to carry out similar tasks. One such example 
is the transport and delivery of a drug by Janus vesicles powered by platinum and 
gold nanoparticles, as shown in figure 6.14.122 Vesicles were synthesised from a 
combination of free PEO-b-PS polymer and PEO-b-PS polymer tethered 
nanoparticles that phase separate during synthesis to yield Janus (two-faced) 
structures. Platinum catalyses the breakdown of hydrogen peroxide into water and 
oxygen bubbles, providing a source of propulsion when embedded into the walls 
of a vesicle. As the platinum particles are confined to one side of the vesicle it is 
propelled with direction, and once it arrives at its destination, a near infra-red laser 
heats the gold particles in the walls bursting the vesicle and releasing the 
encapsulated drug. 
Figure 6.14 | Top: TEM images of composite vesicles containing platinum and 
gold nanoparticle rich domains, identified by the dashed circles. Scale bars are 1 
µm in image (c) and 500 nm in image (d). Bottom: Scheme of the self-propelling 
of composite vesicles in the presence of hydrogen peroxide (H2O2) as fuel and 
the payload release from vesicles upon the irradiation of near infrared (NIR) light. 
Reproduced with permission from Nie et al.122 
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Swimming, by means of bubble propulsion, is possible whether you’re at the nano-
20 or millimetre length scale,133 and as van Hest and Wilson note, these self-
propelling objects are reminiscent of miniature rocket engines, as shown in figure 
6.15.130,134 Their work concerns the propulsion of so called stomatocytes, bowl 
shaped structures formed from the osmotic deformation of polymer vesicles. The 
stomatocytes have platinum nanoparticles entrapped within their cavities that, 
when exposed to hydrogen peroxide fuel, generate a rapid discharge of oxygen 
bubbles from their opening that induces movement. Their speed is determined not 
only by the concentration of the fuel in the continuous phase, but also by growing 
Figure 6.15 | Top: (a) Strategy for entrapping preformed platinum nanoparticles 
during the transformation of vesicles into stomatocytes. Middle: TEM images of 
entrapped nanoparticles of different sizes, namely 30, 50 and 65 nm. Bottom: 
Average mean square displacement (MSD) of the platinum-filled stomatocytes 
before and after the addition of 20 cm3 H2O2, calculated from the tracking 
coordinates of 57 particles (the particles were selected from the upper part of the 
major size distribution). Reproduced with permission from Van Hest et al.130 
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temperature-sensitive polymer brushes on the motor. These polymer brushes 
moderate the stomatocyte opening size upon a temperature change, thus the 
hydrogen peroxide influx can be controlled and the vesicle’s speed regulated. More 
recently, Battaglia et al. showed that synthetic vesicles could cross the blood-brain 
barrier by means of chemotactic transport.135 By fabricating polymersomes from 
blends of two different copolymers, asymmetric structures are formed. These 
polymersomes are filled with glucose oxidase that catalyse the breakdown of 
glucose to D-glucono-δ-lactone and hydrogen peroxide, and catalase to catalyse 
the decomposition of hydrogen peroxide into water and oxygen. By forming the 
vesicle from polymers of different permeabilities, the reaction products are 
preferentially expelled from one region of the vesicle, thus generating a vesicle 
capable of directed self-propulsion. These loaded vehicles are able to penetrate the 
blood-brain barrier four times more effectively than their comparable non-
chemotactic systems.  
 
6.7 Conclusions 
 
In this review, we have used a number of select examples to demonstrate the 
power of combining particles and vesicles in generating new superstructures. 
These nanocomposites have a wide range of functions and behaviours that take 
advantage of both the functional support provided by the vesicle and the 
associated active particles, in most cases yielding responsive entities. A number of 
our examples theorise the possibilities for particle-vesicle composites that are yet 
to be experimentally realised, and one can expect the next decade of research to 
present a host of new and exciting systems developed in all areas of science.    
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7 Summary 
 
7.1 Thesis Outlook 
 
To conclude this thesis, we will briefly discuss the outlook and future of each of 
the four experimental chapters presented. Chapters 1 – 4 describe the addition of 
catalysts, either biological or inorganic, to soft polymeric structures, namely 
ionically cross-linked hydrogels or capsules, to generate responsive composite 
materials.   
 
In chapter 1, we reported independent responsive behaviour and communication 
in hydrogel alginate-based objects, namely fibres and beads, which have an 
individually programmed time delay in their response to a shared environmental 
stimulus. We utilised the enzyme urease to programme a self-regulated change in 
pH, which in turn activated the designed response of gel fibre disintegration or a 
change in gel bead colour. This design allowed for independent response 
behaviour of a collection of bodies in a single closed system, as well as inter-
material communication on shorter length scales. 
 
Future work: In the context of this study, the release of oil droplets was simply a 
visual marker. These oil droplets could also be loaded with a payload that one 
might want to deliver after a defined time period. We envisage the release of 
fragrances using this time-programmed setup, and have conducted some 
preliminary experiments in this area by means of headspace gas chromatography 
– mass spectrometry (GC-MS). Fibres, with their oil droplets still intact, release 
loaded fragrances slowly, as the oil-loaded fibre sits in an aqueous environment 
that acts as a barrier to release to the gas phase above. Once the oil droplets are 
released, they float to the top and form a thin film on the surface with direct 
contact to the gas phase, hereby promoting fragrance release. Such a mechanism 
can be used to create a multi-tiered fragrance system; after 5 minutes, lavandin oil 
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(lavender) is released, after 10 minutes vanillin (vanilla), and after 20 minutes 
limonene (oranges).  
 
Furthermore, these fibres could be used to passively release volatile compounds. 
If the weight percent of alginate polymer is increased from 1 wt. % to 10 wt. % 
and the fibre is dried, a relatively strong fibre containing a series of oil-loaded 
reservoirs along its length is created. This oil phase could contain a compound one 
wished to release in small amounts over extended time-scales (ca. months), such as 
insect repellents. We are currently investigating the rate of release of such 
compounds from these fibres.   
 
Chapter 2 naturally builds on the work of chapter 1 and demonstrates the design 
and fabrication soft composite hydrogel objects with temporal and spatial 
programming. Objects are, again, formed from the biopolymer sodium alginate, 
the enzyme urease, and oil droplets are formed by a simple gelation procedure to 
produce autonomous bodies with both time and spatial programming. These 
continuous objects of non-uniform dimensional composition selectively respond 
to an environmental stimulus of urea and change colour or disintegrate at pre-
defined locations within the hydrogel structure after pre-set time intervals. 
 
Future work: In the context of this work, decomposition of the hydrogel is used to 
demonstrate time and spatial programming in a large object with variation across 
its structure. Selective decomposition is only one example of a material response, 
however, and it occurs in response to a single, specific trigger, that being the pH 
increase generated by the enzyme urease. To advance the concept of a single soft 
object with time and spatial programming, more stimuli-response mechanisms 
should be introduced, to generate a multi-functional object. 
 
These mechanisms are not limited to the enzymatic, and would be selected based 
on the application one had in mind. For example, a second-generation soft object 
might take the form of a soft object that can decompose, as we demonstrate, but 
also self-propel by the generation of oxygen bubbles by gold, platinum or catalase. 
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This swimming object, which decomposes after a set time period to deliver a 
payload, may also need to change its shape to get through a gate of specific shape 
and size. In this case, a polymer with an accessible phase transition temperature 
(such as poly(N-isopropyl acrylamide)1 or poly(2-(dimethyl amino)ethyl 
methacrylate)2 could be included to introduce regions that can contract upon a 
change in temperature. This would create a multi-functional object that erases itself 
after completing its designated task.     
 
Furthermore, objects would ideally be made in a more sophisticated way than by 
the use of printed templates. Additive layer manufacturing (ALM), the building of 
3D-objects by successive layers, could be used to generate more complex and 
intricate structures than can be accessed using templates. For example, soft objects 
have recently been built in this way by Lewis, Wood et al.3 and Qi, Dunn, et al..4  
 
Chapter 3 further explores the concept of chemical communication touched upon 
in chapter 1, and looks at increasing the complexity of such communication 
between millimetre-sized soft hydrogel beads in an aqueous environment. Silver 
cations and the Ag+ chelator dithiothreitol (DTT) are used as signalling molecules 
that, by exploiting their interplay with the enzyme urease, are used to conduct a 
series of ‘conversations’ between millimetre-sized beads. Competitive 
communication between three beads, whereby a central bead receives two 
competing signals from two senders, is shown. 
 
Future work: The next steps of this research chapter are not trivial. The 
communication demonstrated here is incredibly simple, especially when directly 
compared to that which nature is capable of, so taking the concepts developed 
here further will mean one of two things. 
 
Firstly, it could mean making the communication pathways much more complex, 
likely by borrowing these from nature. Tools such as cell proteins, receptors and 
chemical messengers (e.g. hormones or neurotransmitters) could be employed, or 
cells could be directly introduced into the soft structures themselves. 
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Secondly, it could mean integrating the simple chemical communication between 
urease, silver (Ag+) and dithiothreitol into a more complex structure, such as the 
larger objects that feature in chapter 2. One could envisage a single soft object, 
made up of chemically distinct modules (or segments) that are programmed to 
communicate with each other, in response to their environment. This 
environmental cue could be the presence of urea, but it could also be a second soft 
object that needs to make contact with the first in order to induce a response. This 
route of development is akin to soft robotic communication, and would be an 
exciting extension of this preliminary study.  
 
Chapter 4 looked at using inorganic catalysis as a tool for making responsive soft 
materials, where capsule membrane permeability is controlled using catalytic 
particles. Giant polymer capsules which have membrane-embedded catalytically 
active manganese oxide particles are made using droplet-based microfluidics. It 
was demonstrated that these colloidal particles can regulate the membrane 
permeability of the capsules upon their exposure to, and catalytic reaction with, 
small amounts of dissolved hydrogen peroxide. 
 
Future work: Following the studies conducted in this chapter, several questions are 
still outstanding. Firstly, what is the role of ionic charge (on both the capsule itself and the 
ions released) on the observed release rate? Further experiments should ideally study the 
release of negatively charged fluoride ions from a negatively charged capsule (e.g. 
one formed from polystyrene-b-poly(acrylic acid)5), as well as release of positively 
charged ions (e.g. K+, Ca2+) from the same pBMA-b-pDMAEMA capsules used 
in the chapter. We anticipate that a difference in release profile will be observed 
on account of interactions between the capsule and its contents.  
 
Our second question is, what impact does shielding a capsule have on the rate of content 
release? Capsules armoured by a shell of particles or nanoplates adhered to the 
capsule surface (by means of electrostatic attraction)6 would presumably have 
different release behaviours to ‘naked’ ones due to the physical barrier between the 
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capsule and its bulk environment. Furthermore, a shielded capsule which loses its 
outer shell upon an external trigger could allow for 2 step release profiles, 
potentially useful in the delivery of active agents.   
 
A third question we have is how exactly does a catalytic particle modify the membrane 
permeability? To answer this, we need to take a closer look at the particle-embedded 
membrane structure before, during and after the addition of a hydrogen peroxide 
trigger. We hope to do this with a technique such as small angle x-ray scattering 
(SAXS) or alternative x-ray spectroscopic methods. Ideally, these techniques will 
also tell us a little more about the capsule’s membrane structure in the absence of 
particles (i.e. is it amorphous, multilamellar or something else?). 
 
One further application of this work is the creation of Janus capsules, which we 
are able to produce. Unfortunately, we are yet to identify a use for them. 
Experiments have been conducted to try and induce self-propulsion by means of 
oxygen bubble production, however ca. 10 wt. % of hydrogen peroxide is required 
to move an object of this size (a concentration at which capsules rupture). To fix 
this, capsules need to be made more robust. Indeed, gelation of the internal capsule 
cavity by introduction of sodium alginate followed by calcium cross-linking does 
make objects strong enough to swim, however the capsule itself still ruptures. The 
alternative use of a Janus capsule could be spatially selective release of a capsule 
encapsulated compound, from one face only. This could be of use in the realms 
of nanoreactor design.   
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